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INTRODUCTION 


Eleanor  R.  Adair 
AFRL/HEDR 
Brooks  AFB,  TX 

The  biological  consequences  of  exposure  to  radio  frequency  fields  at  millimeter 
wavelengths  are  a  subject  that  has  assumed  considerable  importance  for  the  military  in 
recent  years.  This  is  primarily  due  to  the  fact  that  this  part  of  the  electromagnetic 
spectrum  is  more  heavily  used  by  the  military  than  by  commercial  groups.  Furthermore, 
the  subject  relates  directly  to  specific  issues  of  health  and  safety  for  human  beings.  There 
are  several  recent  events  that  have  intensified  this  importance,  of  which  the  following  are 
a  sampling: 

In  1996  the  Federal  Communications  Commission  (FCC)  adopted  new  guidelines  for 
evaluating  human  exposure  to  radio  frequency  electromagnetic  fields.  The  FCC  had 
adopted,  in  1985,  the  American  National  Standards  Institute  (ANSI)  C95. 1-1982 
guidelines.  When  these  guidelines  became  obsolete,  the  FCC  published  in  1993  a  Notice 
of  Proposed  Rulemaking  (NPRM)  that  suggested  adoption  of  the  1992  revision  of  ANSI 
1982.  This  suggested  document,  promulgated  by  the  Institute  of  Electrical  and 
Electronics  Engineers  GHEE)  in  1991  as  IEEE  C95.1-1991,  became  ANSI/IEEE  C95.1- 
1992  upon  adoption  by  ANSI.  One  feature  of  ANSI/IEEE  C95. 1-1992,  not  shared  by  any 
other  extant  exposure  guideline,  is  the  equalization  of  exposure  limits  at  300  GHz,  where 
millimeter  waves  meet  the  far  infrared  spectral  band.  However,  under  pressure  to  comply 
with  the  U.S.  Telecommunications  Act  of  1996,  the  FCC  adopted  guidelines  based 
principally  on  a  recommendation  published  in  1986  by  the  National  Council  on  Radiation 
Protection  and  Measurements  (NCRP).  The  NCRP  document  provided  guidance  for  both 
occupational  and  general  public  exposure  across  a  frequency  range  of  3  kHz  to  1 00  GHz 
and  was  endorsed  by  the  U.S.  Federal  Government  health  and  safety  agencies,  especially 
the  EPA.  By  tnmcating  the  microwave  frequencies  at  100  GHz,  the  FCC  failed  to  resolve 
the  question  of  the  interface  between  millimeter  wave  and  IR  laser  standards.  In  addition, 
the  FCC  guidelines  at  millimeter  wave  frequencies  are  a  factor  of  10  lower  than  the 
C95.1  standard,  thus  suggesting  to  some  that  this  part  of  the  spectrum  is  more  dangerous 
than  the  lower  frequencies  where  the  FCC  rules  and  C95.1  standard  are  similar. 

In  recent  years,  there  has  been  a  rash  of  published  papers  from  the  former  Soviet  Union, 
many  of  which  suggest  the  existence  of  resonant  athermal  effects  at  millimeter  wave 
frequencies  (cf.  Pachomov,  et  al,  1998).  Often  these  papers  claim  therapeutic  effects 
from  the  clinical  use  of  millimeter  wave  fields.  On  the  other  hand,  many  papers  are 
widely  quoted  by  alarmists  who  believe  in  the  existence  of  important  bioeffects  at 
extraordinarily  low  field  strengths.  One  alarmist  is  W.  R.  Adey  who,  during  a  1992 
Senate  Hearing  on  Police  Radar,  cited  published  papers  from  Germany  (Grundler,  1983; 
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Gnmdler,  et  al.,  1992)  claiming  resonance  effects  at  ultra-low  levels.  Careful  examination 
reveals  that  many  of  &e  cited  papers  are  of  questionable  quality  and  some  are  clearly 
impaired  by  artifacts  related  to  the  characterization  of  the  power  source  (Osepchuk  and 
Petersen,  1997).  In  a  preliminary  proposal  for  this  Workshop  on  Infrared  Lasers  and 
Millimeter  Waves,  Dr.  John  Osepchuk  noted  that  the  United  States  military  have 
succeeded  in  working  well  with  health  agencies  in  developing  rational  volimtary 
standards  for  human  exposure  to  lasers.  He  believes  it  is  reasonable  to  require  that  there 
be  a  match  between  laser  and  microwave  standards  at  300  GHz.  He  further  noted  that  if 
the  alarmists  are  found  to  be  correct,  the  permitted  exposure  levels  in  the  laser  standards 
should  be  challenged  and  perhaps  tightened  by  at  least  a  factor  of  10.  In  such  a  case,  the 
military  use  of  laser  technology  could  be  impacted  severely. 

The  foregoing  provides  a  brief  background  to  the  subject  matter  covered  by  the 
Workshop  held  at  Brooks  Air  Force  Base  on  21-22  January  1997.  On  that  occasion, 
more  than  70  engineers  and  scientists  assembled  to  discuss  a  most  timely  topic:  the 
interface  between  infrared  lasers  and  millimeter  wave  microwaves,  their  similarities  and 
differences,  and  the  import  for  setting  rational  exposure  guidelines  across  these  frequency 
bands.  The  Workshop  was  sponsored  by  the  Tri-Service  Directed  Energy  Bioeffects 
Program  at  Brooks  (Project  Reliance),  vdth  supplementary  technical  support  by  Systems 
Research  Laboratories  and  very  generous  travel  funding  from  Lucent  Technologies 
through  the  good  auspices  of  Ronald  C.  Petersen. 

As  a  basis  for  the  two  days  of  talks  and  discussions,  some  pertinent  questions  were  posed 
to  the  participants  in  the  Announcement  for  the  Workshop;  these  questions  are  listed 
below.  In  addition,  all  speakers  were  asked  to  submit  abstracts  and  copies  of  their  visual 
materials,  all  of  which  were  bound  into  two  volumes  that  were  distributed  at  the  meeting. 
These  volumes  served  as  the  basis  for  these  Proceedings  and,  in  many  cases,  the  abstracts 
were  replaced  by  formal  papers  submitted  after  the  Workshop.  Originally,  we  hoped  that 
a  publisher  could  be  found  to  print  a  volume  of  technical  papers  on  this  topic,  based  on 
the  lectures  given  at  the  Workshop.  Unfortunately,  the  several  publishers  contacted  were 
in  agreement  that  there  was  insufficient  market  for  such  a  volume.  Early  in  1 998, 1 
approached  Dr.  Michael  Murphy,  Chief  of  the  Directed  Energy  Bioeffects  Branch,  with 
the  request  to  publish  the  materials  on  hand  as  an  Air  Force  Proceedings.  The  volume 
you  hold  in  your  hands  is  the  result. 

It  is  important  to  note  that  one  clear  benefit  of  the  Workshop  was  the  formation  of  a  joint 
IR  lasers/millimeter  wave  subcommittee  to  investigate  the  matter  of  reconciliation  of 
standards  at  the  interface  between  the  two  spectral  bands,  averaging  time,  dependence  on 
area  of  irradiation,  peak  exposure  limits,  etc.  This  six-person  comimttee  is  chaired  by  Dr. 
Kenneth  Foster  and  other  members  are  Drs.  Russ  McCally,  Benjamin  Rockwell,  Bruce 
Stuck,  Marvin  Ziskin  and  Eleanor  Adair.  Although  the  committee  has  never  met  in 
person,  we  exchange  ideas  frequently  via  e-mail.  In  addition.  Dr.  Foster  has  prepared  a 
theoretical  paper  that  was  recently  published  in  Bioelectromagnetics  (Foster,  1998).  The 
paper  discusses  averaging  time  for  exposures  to  millimeter  wave  fields  in  terms  of  a 
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theoretical  model  of  physiological  events  that  occur  in  the  exposed  skin.  The 
subcommittee  is  dedicated  to  examining  the  other  relevant  exposure  variables  and  to 
designing  an  appropriate  experiment  to  test  a  specific  biological  response  to  an 
electromagnetic  energy  challenge  at  both  IR  laser  and  millimeter  wave  frequencies, 
which  are  normalized  to  generate  equivalent  energy  absorption  by  the  exposed  tissues. 

As  Chief  Organizer  of  the  Workshop  and  Editor  of  the  volume,  I  am  indebted  to  several 
individuals  who  helped  bring  this  project  to  a  satisfactory  conclusion.  Drs.  John 
Osepchuk  and  David  Sliney  had  the  initial  vision  of  the  Workshop  and  its  importance  to 
standards  setting  and  guided  my  selection  of  program  and  speakers.  Ms  Debra  Jurek  ably 
handled  the  requests  to  participate,  the  submitted  visual  materials,  the  local  arrangements, 
and  the  collation  and  reproduction  of  the  materials  for  the  Workshop.  SSgt.  Jesse 
Hightower  assisted  Ms  Jurek  with  mailings  and  collation  of  materials,  manned  the 
registration  desk  and  organized  the  meeting  room  and  the  audio-visual  aids.  Assisting 
SSgt.  Hightower  were  many  Air  Force  military  persoimel,  many  of  whom  have  since 
moved  on  to  other  careers.  Jodie  and  her  staff  at  the  Brooks  Club  ably  managed  the 
facilities  for  the  meeting  room  and  the  delicious  luncheons  we  enjoyed.  Dr.  Michael  R. 
Murphy  generously  provided  the  wherewithal  to  publish  these  proceedings.  Mr.  Ron 
Petersen,  valued  fiiend  and  colleague,  convinced  Lucent  Technologies  to  part  with 
substantial  fimds  to  underwrite  the  travel  expenses  of  several  participants.  And  Mr. 

Kevin  Mylacraine  and  Ms.  Brenda  Cobb  have  overseen  the  assembly  and  reproduction  of 
the  materials  that  constitute  this  report.  To  all,  I  give  my  sincere  thanks. 
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UNDERLYING  QUESTIONS  FOR  THE  WORKSHOP 


1 .  Is  there  any  physical  (scientific)  reason  to  expect  different  interaction  with  material 
(living  or  not)  of  microwaves  (6  to  300  GHz)  and  lasers  (300  to  6000  GHz)? 

2.  If  skin  depths  are  similar  then  shouldn’t  the  effects  be  the  same  regardless  of 
frequency  in  the  frequency  range  of  6  to  6000  GHz? 

3.  Is  there  a  difference  between  the  effects  of  coherent  and  incoherent  radiation  on 
materials  (living  or  not)  in  this  frequency  range? 

4.  Is  there  an  auditory  effect  with  only  skin  absorption  -  airborne  sound,  bone 
conduction? 

5.  Is  there  a  database  for  long-term  exposure  (chronic)? 
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MEETING  OVERVIEW 


David  H.  Sliney 
Laser  Microwave  Division 
U.S.  Army  Environmental  Hygiene  Agency 
Aberdeen  Proving  ground,  MD 


In  his  opening  remarks,  David  Sliney  noted  that  he  had  been  active  in  the  ACGIH 
Physical  Agents  TLV  Committee  and  also  in  the  IRPA  Committee,  now  the  International 
Commission  on  Non-Ionizing  Radiation  Protection  (ICNIRP).  Both  of  these  groups  had 
to  recommend  human  exposure  limits  for  both  the  optical  spectrum  and  the  RF  spectrum. 
As  such,  it  was  quite  interesting  that  a  much  more  conservative  safety  stance  had 
traditionally  been  taken  outside  the  optical  spectrum.  Perhaps  this  was  done  because  of 
the  good  press  that  was  received  by  the  major  optical  radiator,  the  sun.  Certainly,  many 
members  had  concerns  about  a  step  function  at  300  GHz  (1mm  wavelength).  He  also 
noted  that  the  laser/optical  radiation  community  had  fortunately  not  had  to  face  the 
special  interest  pressures  to  declare  RF  at  very  low  exposure  rates  as  hazardous  because 
of  concerns  about  the  unsightliness  of  large  antenna  structures  or  power  transmission 
towers.  Both  conunittees  had  resisted  the  pressures  to  set  very  low  limits  based  upon 
concerns  about  hypothetical  effects,  but  rather  set  the  limits  only  on  well  understood  and 
replicated  biological  effects.  He  stressed  the  importance  of  understanding  the  damage 
mechanism  in  order  to  have  scaling  factors  for  adjusting  limits  with  wavelength 
(frequency),  area  of  illumination,  duration  of  exposure,  etc.  He  took  excellent  notes  on 
all  of  the  lectures  delivered  in  the  Workshop.  These  notes  are  transcribed  and  edited  in 
the  paragraphs  that  follow. 

1.  Dr.  Robert  Adair  (a  physicist  at  Yale  University)  spoke  on  interaction  mechanisms  of 
electromagnetic  fields  with  matter  and  started  at  the  level  of  the  effects  of  fields  upon 
dipoles.  He  emphasized  the  relaxation  mechanism  (cf ,  Foster  and  Schwan,  CRC 
Handbook)  in  studying  interactions  with  dipoles.  He  then  described  the  known  effects  of 
electromagnetic  field  interactions  with  the  water  dipole.  He  argued  that  by  employing 
maximum  cross  sections  for  resonant  absorption,  he  could  show  that  no  interaction  could 
occur  with  DNA.  Furthermore,  even  if  one  were  to  assume  coherent  effects  with  DNA, 
he  argued  that  one  could  never  see  such  effects.  It  was  noted  that  membranes  were  in 
effect  an  array  of  coupled  oscillators,  but  even  so,  even  if  one  were  to  assume  that  these 
were  not  damped  oscillators,  one  simply  cannot  calculate  that  there  is  a  significant  energy 
transfer  to  be  of  concern. 

2.  Dr.  Paul  Kennedy,  USAF  Armstrong  Laboratory  (USAF/AL),  gave  an  overview  of  the 
mechanisms  of  laser-induced  biological  interaction  with  tissue.  He  stated  that  virtually 
all  interactions  were  very  superficial  and  thresholds  of  damage  were  generally  of  the 
order  of  1  J/cm^  within  a  range  of  about  one  order  of  magnitude,  plus  or  minus.  After 
briefly  describing  thermal  and  photochemical  damage  of  the  skin,  he  described  the 
differing  effects  upon  ocular  tissues  with  change  in  wavelength.  He  noted  that  transient 
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effects  of  glare  and  flash  blindness  were  of  interest  for  vision,  but  permanent  effects  on 
the  eye  were  thermal  bums,  acoustic  effects,  photochemical  injury,  and,  in  the  sub¬ 
nanosecond  regime,  non-linear  effects. 

3.  Dr  Steven  Chalfin,  an  ophthalmologist  at  the  University  of  Texas  at  San  Antonio,  gave 
an  overview  of  the  human  eye  and  measures  of  visual  function  and  damage.  He 
described  visual  acuity  and  measures  of  function.  He  noted  that  the  cornea  and  lens  were 
possible  targets  of  inWed  and  millimeter  wave  exposures.  He  stated  that  the  cornea  and 
sclera  differed  largely  in  the  level  of  hydration  and  that  affected  the  clarity.  He  showed 
examples  of  holmium  laser  bums  of  the  cornea,  used  clinically  in  refractive  surgery.  Slit- 
lamp  biomicroscopy  was  the  standard  measure  of  comeal  or  lenticular  clarity.  As  an 
adjunct,  he  stated  that  two  stains  were  helpful;  fluorescein  dye  showed  areas  of  comeal 
epithelial  cell  loss,  whereas  rose  bengal  dye  showed  dead  or  dying  epithelial  cells. 
Quantitative  measures  of  comeal  endothelial  cell  loss  were  best  measured  with  a  specular 
microscope.  Keratoscopes  were  used  to  measure  surface  optical  power  and  topography, 
therefore  stractural  changes.  With  regard  to  the  lens,  he  described  the  epithelium, 
endothelium,  cortex  and  nucleus.  He  stated  there  had  long  been  a  problem  in  describing 
lenticular  changes  and  grades  of  cataract,  but  that  Scheimpflug  photography  was 
particularly  effective  for  visualizing  changes  in  the  lens.  Also,  the  IR  LED  opacity  lens 
meter  was  quite  useful.  Finally,  he  noted  that  the  scanning  confocal  microscope  offered  a 
very  powerful  tool  for  studies  of  thick  tissues.  He  showed  a  nasal  comeal  bum  from  a 
victim  of  the  Hiroshima  A-bomb  blast. 

4.  Dr.  Marvin  Ziskm,  Temple  University,  Philadelphia,  PA,  gave  a  very  detailed 
description  of  skin  anatomy  and  physiology.  He  emphasized  the  great  complexity  of  skin 
stracture,  with  many  specialized  cells,  such  as  sebaceous  cells,  free  nerve  endings  and 
Langerhans  cells.  He  thought  that  Langerhans  cells  might  be  a  special  absorber  of 
millimeter  waves.  He  noted  that  thermally  sensitive  nerve  endings  were  quite  numerous 
in  the  skin  of  the  fingertips  and  the  lips,  but  much  less  concentrated  on  the  back. 

5.  Dr.  S.I.  Alekseev,  Temple  University  (formerly  of  Puschino,  Russia),  described  the 
use  of  millimeter  waves  in  therapy  in  Russia,  since  these  waves  are  absorbed  very 
superficially  m  the  skin  -  -  generally  within  1  mm  skin  depth.  He  showed  a  plot  of 
changes  in  the  firing  rate  of  RP-4  neurons  during  and  after  exposure  at  a  SAR  of  3150 
mW/g.  He  showed  that  for  increasing  SAR  (500  to  several  thousand  W/kg)  this  rate 
changed  steadily.  He  presented  data  and  calculations  that  showed  that  sensitivity  was 
relatively  flat  with  frequencies  below  approximately  10  GHz.  Above  10  GHz,  the 
sensitivity  increased  strongly.  He  stated  that  his  SAR  was  determined  by  temperature 
rise  and  calculated  over  a  0.3  mm  depth.  He  stated  that  the  change  in  firing  rate  was  a 
thermal  effect  and  directly  proportional  to  temperature  increase.  He  explained  that  the 
free-field  power  density  of  his  60-70  GHz  applicator  was  about  10  mW/cm^. 

6.  William  D.  Hurt  (USAF/AL)  spoke  on  the  dielectric  properties  of  tissue  and  the 
dosimetry  of  millimeter  waves.  He  showed  photographs  of  35  and  94  GHz  sources  used 
at  USAF/AL.  They  use  dielectric  lenses  to  increase  power  densities  up  to  1  W/cm^.  He 
described  instruments  used  for  field  measurements  (e.g.,  the  Narda  field  sensor).  The 
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standard  gain  horns  for  35  and  94  GHz  sources  are  quite  small.  An  infrared  camera  was 
used  to  chart  temperature  distributions  in  absorbing  materials.  From  the  IR  camera,  they 
were  able  to  estimate  the  localized  SAR.  The  skin  depth  for  35  GHz  was  about  0.66  - 
0.76  mm,  at  94  GHz  was  0.33  -  0.41  mm,  and  at  300  GHz  was  0.23  -  0.32  mm. 
Reflection  coefficients  varied  fi’om  0.43  -  0.49  at  35  GHz  down  to  0.16  -  0.18  at  300 
GHz.  They  had  not  looked  at  variations  of  dielectric  properties  with  field  strength,  but  he 
stated  that  in  theory  this  should  not  take  place  until  very  high  power  densities.  They  used 
5  seconds  after  exposure  to  measure  the  SAR. 

7.  David  Sliney  spoke  on  radiometric  parameters  used  in  describing  infrared  bioeffects. 
He  pointed  out  that  because  of  the  superficial  penetration  of  the  skin  and  thin-layer 
absorption  in  skin,  cornea  or  retina,  irradiance  and  radiant  exposure  were  used  to  provide 
surface  dose  rate  and  dose.  He  then  spoke  on  the  impact  of  heat  flow,  eye  movements 
and  averaging  areas  for  describing  the  dose.  He  thought  these  concepts  were  relevant  to 
millimeter  wave  work.  He  also  noted  that  power  density  and  energy  density  in  optics 
referred  to  power  and  energy  per  unit  volume  and  not  to  surface  power  density  and 
surface  energy  density  as  in  the  RF  spectrum.  He  also  explained  that  fluence  and  fluence 
rate  -  -  although  having  the  same  units  as  radiant  exposure  and  irradiance  -  -  were  in  fact 
different  concepts.  Fluence  included  backscatter  and  had  no  cosine  dependence,  whereas, 
radiant  exposure  referred  to  the  cosine-corrected  radiant  energy  incident  upon  a  surface, 
that  which  is  normally  measured. 

8.  Dr.  Eleanor  R.  Adair  (USAF/AL)  spoke  on  the  variables  that  influence  thermal 
sensation  derived  from  infrared  exposure.  She  described  research  performed  at  the  John 
B.  Pierce  Foundation  Laboratory,  New  Haven,  CT  back  in  the  1960’s  under  the 
leadership  of  Dr.  Joseph  Stevens.  She  explained  that  thermal  sensation  is  essential  for 
effective  body  temperature  regulation  and  it  registers  “how  much”,  regardless  of  the  exact 
spatial  and  temporal  distribution  of  skin  stimulation.  She  showed  that  studies  in  this  area 
of  skin  sensation  revealed  that  so-called  “cold  spots”  were  far  more  frequent  than  the 
spatial  density  of  “warm  spots”,  e.g.,  on  the  forearm.  The  map  of  warm  spots  varied  from 
day  to  day,  which  was  rather  curious.  She  presented  a  graph  of  the  temporal  summation 
of  warmth  for  IR  stimuli  and  showed  reciprocity  between  duration  and  irradiance  at  the 
absolute  threshold;  the  reciprocity  ended  at  ~  1  second  at  the  warmth  threshold  for  a  22 
cm^  stimulus  area.  She  also  showed  a  plot  of  the  irradiance  required  to  stimulate  a  given 
sensation  as  a  fimction  of  irradiated  area.  Beyond  30-50  cm^,  spot  size  no  longer  seemed 
to  have  an  effect.  The  forehead  and  cheek  were  the  most  sensitive,  then  abdomen  and 
chest,  then  back,  and  finally  the  extremities  were  least  sensitive  of  all.  The  pain  threshold 
varies  with  stimulus  duration  and  spot  size,  but  the  fimctions  all  converge  to  one  level  at 
about  45  °C  for  lengthy  exposures.  [David  Sliney  noted  that  in  his  own  experience  with  a 
647-nm  krypton  laser  beam  of  2  mm  diameter,  he  could  move  the  beam  aroimd  and  as  the 
beam  struck  a  “hot  spot”  he  could  sense  a  tingling  heat  sensation  at  incident  powers  of 
10-50  mW.  However,  it  took  400-500  mW  to  sense  the  beam  as  really  uncomfortably  hot 
within  a  few  seconds.] 

9.  Dr.  Dennis  Bhck,  Systems  Research  Laboratories  at  USAF/AL,  spoke  about  a  recent 
study  on  the  variation  of  skin  warmth  sensations  for  wavelengths  from  IR-C  to  2.45  GHz. 
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His  group  exposed  15  male  Caucasian  subjects  to  10-s  exposures  of  RF  energy  over  a 
defined  area  of  327  cm^  of  their  back  to  determine  detection  thresholds.  They  employed  a 
number  of  different  RF  sources  and  two  T3  quartz  heat  lamps  (operated  at  low  voltage  to 
achieve  2-4  pm  infi-ared  radiation  on  the  back).  The  thresholds  dropped  by  15-fold  when 
going  fi-om  2.45  to  94  GHz.  The  IR  threshold  was  about  the  same  as  the  94  GHz 
threshold  (about  5  mW/cm^).  He  noted  that  the  1064  nm  IR  laser  MPEs  were  far  greater 
than  the  millimeter-wave  value  of  10  mW/cml  But,  Dr.  Sliney  explained  that  the  far- 
infi-ared  laser  limit  for  large  areas  was  really  10  mW/cm^  (MPE)  for  skin  areas  exceeding 

I, 000  cm^  and  up  to  100  mW/cm^  for  areas  less  than  100  cml  The  averaging  area  was 
an  1 1  mm  diameter  circular  aperture  (about  1  cm^)  for  IR  wavelengths  greater  than  0.1 
mm. 

10.  Dr.  Cliff  Sherry,  Systems  Research  Laboratories  at  USAF/AL,  stated  that  skin 
temperature  typically  varied  fi’om  about  32  to  37  °C,  that  the  pain  threshold  was  45-47  °C 
and  thermal  damage  occurred  at  55-60  °C.  He  described  the  challenge  of  tracing  neural 
fibers  by  various  experimental  techniques.  Type  A  myelinated  fibers  could  be  more 
readily  detected  and  traced  than  Type  C  non-myelinated  fibers.  His  report  was  largely  the 
result  of  a  literature  search  of  recent  publications  since  about  1985. 

II.  Dr.  Joseph  Zuchlich,  TASC,  Inc.  at  Brooks  AFB,  gave  a  broad  overview  of  retinal 
injmy  data  firom  exposure  to  visible  light  and  infirared  lasers  in  the  retinal  hazard  region 
of  400-1400  nm.  He  focused  in  on  his  studies  in  the  1300  nm  spectral  region,  where 
effects  could  be  seen  in  the  cornea,  lens  and  retina.  He  showed  again  the  great  impact  of 
irradiated  spot  size.  He  also  noted  that  the  variation  of  threshold  with  wavelength  had 
more  fine  stmcture  than  that  with  exposure  limits.  He  suggested  that  some  of  the  step 
fimctions  of  exposure  limits  as  a  fimction  of  wavelength  could  be  eliminated. 

12.  David  Sliney  gave  an  overview  of  ocular  exposure  to  optical  radiation  in  the 
industrial  environment,  with  emphasis  on  infi-ared  exposure  in  the  foundry,  metal  works, 
steel  mills,  welding,  and  glass  industries.  He  stated  that  welding  arcs  produced  little 
significant  IR  compared  to  large  hot  metal  surfaces.  He  stated  that  workers  exposed  to 
irradiances  of  the  order  of  80-400  mW/cm^  over  a  working  lifetime  developed  cataracts  at 
an  earlier  age  than  unexposed  workers,  but  modem  labor  practice  did  not  really  permit 
such  high  exposures.  Eva  Lydahl  (1984)  of  the  Karolinska  Institute,  Stockholm  had  done 
the  best  recent  epidemiological  study  of  IR  heat  cataracts.  Her  collaborators  measured  IR 
irradiance  in  the  workplace. 

13.  Bmce  Stuck,  Army  Medical  Research  Detachment  (AMRD),  Brooks  AFB,  compared 
lEEE/ANSI  C95.1  radio  fi-equency  and  LIA/ANSI Z136  laser  MPEs  as  a  fimction  of 
exposure  duration,  taking  into  account  the  area  of  irradiation  and  comparative  penetration 
depth.  He  presented  a  ntimber  of  experimental  data  for  laser-induced  skin  bums  and 
histological  studies  of  skin  damage  Aat  varied  with  spot  size,  time  of  assessment  (1  hour 
or  24  hours)  and  wavelength.  For  pulsed  COj  (10.6  pm)  exposures,  only  the  stratum 
comeum  would  be  affected  at  threshold,  and  some  surface  white  powder  appeared  at  the 
irradiation  spot.  He  also  showed  a  number  of  plots  of  the  absorption  depth  of  water  and 
the  similar  variation  of  pulsed  thresholds.  But  he  also  showed  the  impact  of  different 
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penetration  depths  and  spot  sizes,  when  the  time-temperature  history  over  the  pulse  might 
look  similar  but  the  Arrhenius  integral  could  differ.  He  then  cited  several  mathematical 
models  that  had  been  developed  over  the  past  two  decades.  These  would  allow  the 
estimation  of  a  “SAR”  in  order  to  put  the  thermal  thresholds  for  small  volumes  into  a  data 
base  for  those  working  in  the  millimeter  wave  spectrum. 

14.  Prof  Myron  L.  Wolbarsht,  Duke  University,  spoke  on  infrared  cataractogenesis.  He 
began  by  describing  the  structure  of  the  lens  and  the  nature  of  lens  fiber  cells. 
Epidemiological  studies  were  seen  as  fraught  with  problems  of  confounders;  however, 
experimental  data  from  the  laboratory  can  be  very  useful,  such  as  the  well  known  studies 
of  Donald  Pitts  and  coworkers  using  a  filtered  xenon  arc.  Wolbarsht,  et  al.,  performed 
some  in  vitro  studies  with  enucleated  rabbit  lenses  kept  in  a  37  °C  water  bath;  they 
showed  that  without  IR-A  illumination  the  lenses  remained  clear,  but  with  IR-A 
illumination  over  24  hours,  an  opacity  was  observed.  He  therefore  was  skeptical  that  IR 
cataract  was  purely  the  result  of  a  temperature  elevation.  He  then  reviewed  the  classical 
Vogt-Goldmann  debate  on  whether  direct  lenticular  absorption  or  indirect  heating  by  iris 
absorption  was  the  primary  damage  mechanism.  Using  a  laser,  Wolbarsht  was  able  to 
experimentally  irradiate  only  the  lens  or  iris.  He  showed  that  both  of  these  two  Swiss 
ophthalmologists  were  correct,  but  the  irradiance  necessary  for  the  iris  heating  was  much 
more  than  encoimtered  in  industry.  In  an  in  vivo  experiment,  his  results  of  fractionating 
the  exposure  in  different  ways  over  a  period  of  two  days  did  not  result  in  any  different 
total  dose.  A  threshold  of  approximately  100  J/cm^  was  found  for  the  production  of  an 
acute  cataract  developing  within  an  hour  or  less.  He  reported  that  even  Pitts’  data  showed 
^proximate  dose  exposmes  of  1400,  3500,  and  10,000  J/cm^.  The  quantum  energy  near 
1000  nm  is  of  the  order  of  1  eV  and  there  could  be  a  photochemical  mechanism 
operating. 

15.  Prof.  Om  P.  Gandhi,  University  of  Utah,  spoke  on  millimeter  wave  dosimetry.  He 
presented  some  data  from  his  1986  article  with  Riazi  for  penetration  depth  and  reflectance 
for  the  skin  at  30-300  GHz  (reflectance  from  0.49  to  0.18;  skin  depth  from  0.78  to  0.23 
nm).  He  suggested  that  while  clothing  absorbed  IR,  the  millimeter  waves  may  penetrate 
to  the  skin.  He  noted  a  report  by  Webb  and  Booth  that  suggested  that  E.  coli  were 
absorbing  and  affected  differently  by  different  frequencies  in  the  millimeter  wave  band. 
Therefore,  the  University  of  Utah  team  used  frequencies  between  25  and  90  GHz  to  study 
yeasts,  bacteria,  viruses,  etc.,  but  was  unable  to  find  the  resonances  postulated  by 
Froehlich.  He  did  conclude  that  it  was  conceivable  that  there  were  dimensionally  related 
longitudinal  modes,  which  could  be  excited  in  biological  media,  that  should  be  detectable 
by  Raman  spectra,  but  they  did  not  conduct  those  studies.  Ken  Foster  took  issue  with  this 
conclusion  because  of  the  damping  existing  in  biological  media,  a  damping  that  was  not 
present  in  a  solid  state  crystal.  He  suggested  that  Grundler  was  finding  effects  because  he 
was  using  a  less  stable  microwave  source. 

16.  Dr.  Andrei  Pakhomov,  McKesson  BioServices,  Brooks  AFB,  spoke  on  the 
widespread  use  in  Russia  of  millimeter  wave  therapy  with  power  densities  less  than  10 
mW/cm^.  Out  of  more  than  500  medical  scientific  papers,  he  chose  90  papers  with 
English  abstracts  or  written  in  English.  Millimeter  wave  therapy  was  used  for 
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gastrointestinal,  cardiovascular,  respiratory  and  other  diseases.  The  most  commonly  used 
generating  devices  were  the  YAV-1,  operating  at  7.1  mm  and  5.6  mm,  and  the 
Electronica  at  4.9  mm.  The  most  common  area  of  application  was  the  sternum.  Other 
application  points  were  the  same  as  acupuncture  points.  He  described  a  number  of  studies 
where  treatment  was  reported  to  have  been  effective  and  some  other  control  studies.  He 
explained  that,  like  acupimcture,  it  was  not  well  understood  what  the  underlying 
mechanisms  might  be.  He  felt  that  the  dosimetry  was  very  poor,  but  large  numbers  of 
patients  argued  for  the  effectiveness  of  treatments.  He  suggested  that  these  effects  should 
be  taken  into  account  in  setting  human  exposure  limits.  In  the  discussion,  he  explained 
that  there  was  no  evidence  that  specific  placebo  type  studies  had  ever  been  performed. 

17.  Dr.  Yevgenyi  (Eugene)  P.  Khi2hniak,  a  physicist  at  the  Fox  Center  for  Biomedical 
Physics,  Temple  University,  described  infirared  thermography  in  studies  of  millimeter 
wave  bioeffects.  He  showed  thermographic  patterns  in  tissue  phantoms  irradiated  by 
horn  applicators.  He  showed  computer  profiles  from  these  data  and  also  stated  that 
thermal  gradients  were  quite  high.  He  said  that  the  threshold  for  hydrodynamic 
convective  changes  in  water  was  only  1  nW/cm^  He  noted  physiological  surface  changes 
in  irradiated  mouse  skin  that  could  be  produced  by  millimeter  waves  but  not  by  indfrared 
of  the  same  irradiance  and  same  gross  temperature  change.  His  hypothesis  for  the  effect 
was  that  water  in  the  epidermis  and  stratum  comeum  was  selectively  vaporized.  If  sweat 
pores  were  closed  there  was  Uttle  thermal  spatial  gradient,  but  when  opened  (stimulated 
by  millimeter-wave  exposure)  the  strong  spatial  gradients  were  noted. 

18.  Dr.  Kathy  L.  Ryan  (working  with  Melvin  Frei),  Trinity  University,  San  Antonio, 
spoke  on  circulatory  failure  resulting  firom  sustained  millimeter  wave  irradiation. 
Irradiating  Sprague-Dawley  rats  at  75  mW/cm^  at  35  GHz  (SAR  of  12  W/kg),  they  were 
able  to  produce  shock  with  the  colonic  temperature  not  even  40  °C,  but  of  course  the 
subcutaneous  temperature  was  much  higher  (about  48  °C).  As  in  infi'ared  radiant  heat 
stress,  blood  pressure  falls  with  the  large  movement  of  blood  to  the  peripheral 
vasculature.  But  she  reported  that  the  fatal  effect  could  result  firom  irradiating  only  10% 
of  the  total  body  surface.  She  looked  for  physiological  (biochemical)  mediators  but  as 
yet  had  not  pinpointed  the  critical  one. 

19.  Dr.  Yun  Wang,  a  mathematical  modeler  fi-om  USAF/AL,  spoke  on  microwave- 
induced  acoustic  effects.  Her  model  considered  that  the  heat  pulse  was  much  longer  than 
the  RF  exposmre  pulse,  whereas  earlier  models  did  not. 

20.  Dr.  John  Osepchuk,  Chair  of  the  IEEE  SCC28  Committee  on  RF  Standards,  gave  an 
overview  of  the  rationale  for  human  exposure  limits  for  electromagnetic  energy.  He 
compared  RF  limits  with  optical  radiation  hmits  and  promulgating  bodies  such  as 
ACGIH,  NCRP,  ANSI,  etc.  He  noted  that  the  C95  standard  of  1965  was  only  a  few 
pages  and  one  number:  10  mW/cm^  averaged  over  6  minutes  from  10  MHz  to  100  GHz. 
But  today,  the  C95.1  standard  is  over  70  pages  long.  He  explained  that  as  the  result  of  an 
eleventh-hour  concern  in  the  committee  in  1989,  a  caution  was  added  to  the  standard 
regarding  SAR  averaging  over  the  eyes.  He  noted  that  the  time  constant  for  thermal 
dissipation  varied  firom  5  to  10  minutes  for  the  eyes  or  testes,  but  nearly  an  hovu  for  the 


10 


whole  body.  In  safety  standards,  the  averaging  times  varied  considerably  from  seconds  to 
6  minutes  or  more.  He  noted  that  he  had  performed  studies  at  2.45  GHz  of  optimum 
auditory  detection,  which  was  around  8-13  kHz  (pulse  modulation  frequency).  He  cited 
the  problems  of  determining  the  criteria  upon  which  the  limits  should  be  based,  e.g.,  was 
the  auditory  effect  a  potentially  adverse  health  effect?  Dave  Sliney  pointed  out  for 
historical  note  that  the  original  C95-1966  standard  had  a  correction  factor  for  very  hot 
environments,  but  this  was  later  dropped.  Dr.  Sliney  also  noted  that  if  the  optical 
radiation  community  were  to  accept  the  very  large  safety  factors  employed  in  the  RF 
standards  community,  the  optical  limits  would  not  permit  a  person  to  stand  outside  in 
sunlight. 

21.  Ron  Petersen,  (Bell  Laboratories)  Lucent  Technologies,  Murray  Hill,  NJ,  showed  that 
by  applying  microwave  engineering  principles,  one  could  probably  explain  the  strong 
“frequency  dependant  or  athermal  effects”  reported  in  the  millimeter  wave  bioeffects 
literature  by  resonant  effects  in  microwave  components.  For  example,  the  insertion 
losses  associated  with  waveguides  and  variable  attenuators  get  more  dramatic  as  one 
moves  to  higher  frequencies.  He  concluded  that  one  can  not  rely  on  variable  attenuators 
for  extrapolating  the  RF  power  delivered  to  a  biological  sample.  This  can  be  misleading 
in  waveguide  delivery  systems.  Harmonics  can  also  be  significant  at  higher  frequencies 
because  of  the  penetration  depth. 

22.  Dr.  Kermeth  Foster,  University  of  Pennsylvania,  Philadelphia,  PA,  spoke  on  thermal 
models  in  general.  He  presented  the  standard  bioheat  equation  and  showed  how  different 
exposure  parameters  affected  RF  heating  of  tissue.  He  then  described  how  he  and  his 
colleague  Pere  Riu  had  solved  the  bioheat  equation  for  the  data  presented  earlier  in  this 
Workshop  by  Dennis  Blick.  The  thermal  analysis  suggested  that  the  measured  thresholds 
corresponded  to  a  localized  temperature  increase  of  about  0.07  °C  at  or  near  the  surface 
of  the  skin.  The  modeling  effort  also  showed  that,  even  at  94  GHz,  the  depth  at  which  the 
temperature  receptors  are  located  in  the  skin  is  not  a  relevant  parameter  as  long  as  it  is 
within  0.3  mm  of  the  surface.  For  the  10-sec  exposures  in  Blick’s  experiment,  the  results 
of  the  thermal  model  were  insensitive  to  blood  flow,  but  were  sensitive  to  thermal 
conduction,  which  increased  strongly  with  frequency. 

23.  Dr.  Russ  McCally,  Johns  Hopkins  Applied  Physics  Laboratory,  reported  on  studies  of 
CO2  (10.6  pm)  comeal  thermal  injury.  He  stated  that  the  absorption  length  in  the 
epithelimn  was  10.5  pm  and  98%  would  be  absorbed  in  40  pm.  His  formulation  of 
single-pulse  ED50  data  was:  0.592  +  6.064  x  J/cm^  over  the  range  of  10  ms  to  10  s. 
This  led  to  a  critical  temperature  of  single-pulse  ED50  data  of  42  ±2  °C,  although  the  data 
fit  an  empirical  formulation  of  72x  “  °C.  Spot  size  dependence  varied  with  exposure 
duration  and  he  showed  a  spot  averaging  of  about  1  mm  for  0.1  s,  2  mm  for  1  s,  and 
slightly  larger  than  3  mm  for  longer  times.  He  then  showed  a  phase  transition  model  to 
predict  single-pulse  damage  and  temperature  modulation  with  a  repetitively  pulsed  laser. 
The  total  energy  required  increased  as  N  °  (the  same  as  the  N  safety  mle).  Dr. 

Sliney  noted  that  in  deriving  the  limiting  apertures  for  safety  limits,  the  committee 
routinely  enlarged  the  averaging  area  for  the  skin  and  cornea  and  then  reduced  the  size  of 
the  safety  factor  for  very  small  hot  spots. 
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24.  Dr.  Mary  Potasek,  USAF/AL,  gave  an  overview  of  her  efforts  to  mathematically 
model  the  propagation  of  optical  waves  through  the  ocular  media.  She  described  non¬ 
linear  self-focusing,  pulse-steepening,  Raman  scattering,  etc.  and  how  they  dominated  in 
different  time  domains.  She  showed  a  plot  of  the  second-order  dispersion  of  water,  which 
changes  sign  near  1000  nm;  this  anomalous  dispersion  can  occur  at  the  1064-nm 
wavelength.  She  presented  calculations  and  data  to  show  soliton  transmission  in  an 
optical  fiber,  but  this  phenomenon  had  not  been  modeled  for  the  optical  media. 

25.  Dr.  Arthur  W.  (Bill)  Guy,  Wireless  technology  research,  Seattle,  WA,  spoke  on  the 
near-field  hot-spot  dosimetry  problems  encountered  in  estimating  the  localized  SAR  in 
the  head  of  a  cellular  phone  user.  He  described  some  experiments  in  a  TEM  exposure 
cell  in  order  to  show  the  uniformity  of  SAR  in  vials  and  petrie  dishes.  The  lack  of 
uniformity  in  the  vial  was  shown  as  a  potential  problem  in  some  in-vitro  studies.  He 
noted  that  the  current  ANSI/IEEE  C95.1  standard  allows  hot  spots  of  20  W/kg,  except  for 
the  eyes  and  testes;  hence,  for  cellular  phones,  the  problem  relates  back  to  the  eye’s 
exclusion  fi-om  the  averaging  criterion. 

26.  Dr.  David  Freund,  Johns  Hopkins  Applied  Physics  Laboratory,  Laurel,  MD,  spoke  on 
mathematical  modeling  of  gaussian  and  rectangular-beam  induced  retinal  thermal  injury. 
Assuming  the  thermal  properties  of  water  for  most  of  the  retinal  layers,  he  calculated  the 
time-temperature  histories  for  a  spot  5  pm  in  firont  of  the  RPE  inside  the  photoreceptor 
layer.  All  retinal  irradiances  were  normalized  to  1  W/cm^.  He  assumed  that  the  RPE  had 
an  attenuation  factor  of  1587  cm‘\  The  rectangular  image  cases  generally  produced 
higher  peak  temperatures  than  the  Gaussian  beam  profiles  for  a  1-s  exposure  when  the 
two  beams  had  equal  power.  But  this  ratio  was  reversed  for  short-pulse  exposures. 
Temperature  rise  was  faster  in  the  rectangular  beam  than  in  a  square  beam,  but  a  lower 
temperature  was  reached  in  the  former.  He  found  that  the  ratios  did  not  vary  with  depth, 
with  RPE  thickness,  or  with  absorption  coefficient.  Interestingly,  the  ratio  was  always 
greater  than  1.0  for  rectangular  aspect  ratios  of  1  to  3,  but  was  less  for  higher  aspect 
ratios.  This  work  was  inspired  by  the  frequent  use  of  rectangular  sources,  such  as  laser 
diodes,  in  laser  technology. 

27.  Ron  Petersen,  Lucent  Technologies,  gave  a  brief  history  of  the  ANSI  C95.1  standards 
from  1966  to  the  present.  In  1974  the  standard  separated  out  the  E  and  H  fields,  and  in 
1982  the  SAR  was  introduced.  In  1991  the  standard  introduced  two  tiers,  but  had  a 
number  of  minor  problems/inconsistencies.  The  standards-setting  process  was  complex, 
from  generation  and  approval  in  Subcommittee  4  to  the  parent  committee  (SCC28),  then 
to  ballots  within  SCC28  until  consensus  was  achieved  and  negative  ballots  resolved.  One 
third  of  Subcommittee  4  participants  were  engineers  and  physical  scientists  and  43% 
were  life  scientists.  A  number  of  working  groups  were  involved  in  evaluating  the 
literature  database,  a  process  that  required  several  years.  Subcommittee  4  concluded  that 
the  most  sensitive  measures  of  potentially  harmful  biological  effects  were  based  on  the 
disruption  by  RF  exposure  of  food-motivated  behavior  in  laboratory  animals.  The  MPEs 
from  100  MHz  to  6  GHz  are  based  upon  a  fixed  SAR  for  controlled  (and  l/5th  that  SAR 
for  uncontrolled)  populations.  Only  within  this  frequency  range  was  there  considered  to 
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be  differences  in  individual  sensitivity  due  to  body  size  or  health  status.  In  their  current 
process  of  revising  the  1991  standard,  more  than  1100  citations  are  presently  included  in 
the  database  organized  by  Dr.  Martin  Meltz.  Dr.  Meltz  has  designed  standardized 
evaluation  forms  to  be  used  by  different  specialized  experts  to  evaluate  each  publication 
for  scientific  merit.  Mr.  Petersen  outlined  several  current  questions  that  he  felt  needed  to 
be  resolved  in  the  next  iteration  of  the  standard.  He  suggested  the  need  to  develop 
firequency  dependent  mass  and  time  averaging  criteria  as  well  as  to  re-evaluate  the  need 
for  two  tiers. 

28.  Prof  Myron  L.  Wolbarsch,  Duke  University,  spoke  on  the  derivation  of  laser 
exposure  limits.  There  was  general  agreement  worldwide  among  ACGIH,  ANSI, 
ICNIRP,  lEC,  etc.  for  the  same  MPEs.  He  stated  that  the  ACGIH  TLVs  were  the  most 
modem  since  they  could  be  revised  quickly,  e.g.,  on  a  one-year  basis.  By  contrast,  the 
CDRH/FDA  performance  standards  take  a  long  time  to  revise.  In  his  opinion,  the 
ACGIH,  ANSI,  and  ICNIRP  limits  were  based  strictly  on  medical  scientific  criteria,  but 
the  lEC  standard  has  a  history  of  influence  by  political  and  commercial  agendas,  where 
there  appeared  to  be  clear  efforts  to  develop  emission  limits  that  misrepresented  the 
biological  data.  He  felt  that  the  laser  field  had  the  advantage  of  having  a  very  large 
biological  database.  He  complimented  the  military  services  for  funding  the  extensive 
amoxmt  of  biological  research  upon  which  these  limits  are  based.  He  felt  that  there  was  a 
large  safety  factor  in  most  of  the  limits,  which  led  many  experts  to  actually  work  above 
the  limits.  This  was  particularly  true  for  skin  exposures.  He  thought  the  time  may  have 
arrived  to  abandon  the  curve-fitting  efforts  and  replace  them  by  simple  tabular  values  at 
each  wavelength. 

29.  Prof.  Om  Gandhi  discussed  some  weaknesses  that  he  perceived  in  the  ANSI/IEEE 
C95.1-1992  standard.  He  argued  that  the  standard  did  not  protect  against  startle  reactions 
caused  by  transient  spark  discharges  and  data  from  the  laboratory  on  transient  discharge 
currents  as  a  function  of  fi'equency.  Also,  he  felt  that  there  was  a  potential  problem  with 
shocks  and  bums  that  should  be  dealt  with.  He  expressed  his  belief  that  there  was  a  need 
to  re-examine  the  low-power  device  exclusion  and  he  argued  for  more  research  funding. 

30.  At  the  close  of  the  meeting,  a  panel  discussion  was  held,  which  led  to  the  conclusion 
that  spatial  and  temporal  averaging  rules  need  to  be  more  sophisticated  for  the  0. 1  to  6 
mm  spectral  region.  It  was  suggested  that  mathematical  thermal  models  be  employed  to 
give  a  better  idea  of  how  the  scaling  factors  (apertures  and  times)  should  be  set.  Dr. 
Sliney  suggested  that  an  experiment  be  performed  with  an  ER  laser  and  a  milhmeter  wave 
source,  imder  the  same  protocol,  to  determine  if  the  threshold  for  a  minimal  reactive  dose 
in  the  skin  was  the  same  for  the  same  penetration  depth.  A  more  detailed  account  of  the 
panel  discussion  can  be  found  at  the  end  of  this  report. 
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Abstract 

We  examine  physical  properties  and  constraints  concerning  the  bi¬ 
ological  effects  of  the  interactions  of  millimeter  wave  electromagnetic 
radiation  with  special  emphasis  on  the  effects  of  radiation  at  power 
densities  of  J  =  10  mw/cm^  (or  Erms  =  200  V/m),  a  level  charac¬ 
teristic  of  occupational  exposure  limits.  Effects  of  the  interactions  of 
radiation  with  wavelengths  A,  such  that  10  mm  >  A  >  1mm,  can  be 
divided  usefully  into  two  different  categories:  (a)  There  are  effects  that 
can  be  described  in  terms  of  relaxation  times  or  the  time- variation  of 
the  response  of  the  system  to  a  disturbing  field.  And,  (b),  there  are 
effects  that  can  be  described  in  terms  of  resonances  where  energy  is 
stored  and  released  in  a  time  that  is  long  compared  to  the  period  of  the 
electromagnetic  wave.  We  examine  the  characteristics  of  such  processes 
and  show  that  resonance  responses  to  oscillating  fields  that  generate 
mm  wavelengths  cannot  be  expected  to  be  biologically  important. 


The  Electromagnetic  Field 

Charges  exert  forces  on  one  another  as  described  by  Coulomb’s  law.  From  a 
reductionist  view,  Coulomb’s  law  (together  with  special  relativity)  contains 
the  whole  content  of  classical  electromagnetism.  And,  in  Dirac  s  rhetoric. 
Coulomb’s  law,  together  with  the  proper  (quantum)  mechanics,  accounts  for 
most  of  physics  and  the  whole  of  chemistry  ~  and  by  extension,  almost  the 
whole  of  biology.  But  a  description  of  these  forces  through  the  concept  of 
the  electromagnetic  field  is,  at  the  least,  a  more  convenient  way  of  describing 
the  forces,  and  perhaps  the  more  fundamental  way. 
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Hence,  by  definition,  electromagnetic  fields  act  on  matter  only  through 
forces  applied  to  electric  charges;  the  force  on  a  charge  at  rest  is  proportional 
to  the  product  of  the  magnitude  of  the  charge  and  the  magnitude  of  the 
electric  field.  Eg  .  As  a  consequence  of  relativity  and  the  limit  of  signal 
transmission  to  the  speed  of  hght,  that  description  is  modified  if  the  charge 
moves  and  that  modification,  of  relativistic  origin,  is  labeled  the  magnetic 
field^,  B.  The  force  applied  by  the  magnetic  field  is  proportional  to  the 
magnitude  of  the  charge  and,  in  natural  units,  the  ratio  of  the  velocity,  v,  of 
the  charge  to  the  velocity  of  hght.  In  SI  units  (which  obscure  the  relativistic 
origin  of  magnetism  and,  hence,  are  not  used  in  fundamental  physics)  the 
Lorenz  force  law  expressing  the  vector  force,  F,  on  a  charge  can  be  written 

F  =  g(E+(vxB))  (1) 

Though  it  is  often  useful  to  describe  the  effects  of  fields  in  terms  of  scalar 
and  vector  potentials,  a  description  of  effects  in  terms  of  forces  on  charges 
must  be  complete. 

In  this  essay,  we  consider  the  physical  bases  of  the  effects  on  biology  of 
electromagnetic  radiation,  with  wavelengths  in  the  mm  region,  i.e.  1  cm 
>  A  >  1  mm,  or  frequencies  such  that  30  GHz  <  v  <  300  GHz.  We 
are  especially  interested  in  fields  that  are  large  enough  to  effect  biology  (in 
general,  through  mild  heating),  but  are  not  so  large  as  to  be  biologically 
destructive.  In  this  spirit  we  will  often  consider  a  canonical  intensity  level 
of  100  W/m^  (or  10  mW/cm^)  which  corresponds  to  a  root-mean-square 
electric  field  strength  of  about  200  V/m  and  an  rms  magnetic  field  of  0.67 
mT. 

Thermal  and  Athermal  Effects 

Thermal  effects  are  defined  as  those  that  follow  firom  a  modification  of  the 
mean  energy  -  that  is  the  temperature  -  of  biologically  sensitive  elements 
that  are  in  local  thermal  equilibrium  with  nearby  matter.  Such  elements 
will  have  an  energy  distribution  such  that  the  probability  of  a  state  hav¬ 
ing  an  energy  E  is  proportional  to  .  Biological  processes  are  almost 

exquisitely  sensitive  to  that  distribution  which  is  shown  in  Fig.  1  for  a  tem¬ 
perature  T  and  temperatures  T'  =  1.05  T  and  T”  =  0.95  T.  If  T  «  313  "K, 
as  the  characteristic  “hfe-temperature” ,  by  and  large,  T'  will  not  sustain  life 
and  T"  will  not  sustain  human  life. 

^In  common  with  much  modem  usage,  I  call  B,  the  magnetic  field,  comecting  an  ancient 
error;  H  is  a  subsidiary  quantity  parallel  in  meaning  to  the  electrical  displacement,  D. 
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Probability 


Figure  1:  The  Boltzmann  distribution  for  a  temperature  T  and  for  temper¬ 
atures,  T'  =  1.05  r  and  T"  =  0.95  T. 


Conversely,  athermal  effects  are  those  effects  that  follow  from  energy 
excursions  in  a  system  ~  or  degree  of  mechanical  freedom  in  a  system  — 
that  are  not  described  by  the  Boltzmann  distribution;  literally  as  well  as 
etymologically,  athermal  is  defined  negatively  as  simply  that  which  is  not 
thermal. 

Often,  complex  systems  such  as  proteins  will  change  conformation  and 
thus  biological  properties  when  a  specific  excitation  energy,  w,  exceeds  a 
threshold  value  w'.  For  a  system  in  thermal  equilibrium  at  a  temperature 
T,  that  probability,  P(T,  w')  can  be  expressed  in  terms  of  the  Arrhenious 
integral, 

P{T,w')oz  /  e-^/^'^dw  (2) 

Jw' 

Because  of  the  close  coupling  of  elements  of  a  biological  system,  ele¬ 
ments  with  non-thermal  energy  distributions  are  brought  back  into  thermal 
equilibrium  after  excitation  in  a  characteristic  relaxation  time,  Tt-  While  a 
detailed  calculation  is  required  for  many  purposes,  for  biological  systems  ex¬ 
cited  by  electric  fields,  these  time  constants  will  not  usually  be  very  different 
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than  that  calculated  using  the  relation, 


Tr  f— 'j  —  a?  ^  -10®  seconds 

^  VlOy  K 

where  a  is  a  characteristic  length  measured  in  meters.  Here,  Cp  =  4.18  •  10® 
J/m®  is  a  heat  capacity,  k  =  0.6  W-m  ^deg  is  a  thermal  conductiv¬ 

ity  and  the  numerical  values  are  those  of  water  -  which  makes  up  much 
tissue^.  While  the  relaxation  times  defined  in  Eq.  4  are  derived  implicitly 
for  macroscopic  systems,  the  results  are  found  to  be  a  good  approximation 
for  systems  as  small  as  individual  molecules. 

While  excitations  of  systems  through  effects  of  electric  fields  generally 
have  small  relaxation  times  as  expressed  by  Eq.  3,  systems  that  are  excited 
to  a  higher  energy  through  a  change  in  magnetic  moment  generated  by  a 
special  orientation  of  an  electron  spin  or  nuclear  spin  will  usually  have  much 
longer  relaxation  times  even  as  the  electrical  forces  between  elements  in  the 
solid  state  of  matter  are  much  stronger  than  the  magnetic  forces.  Roughly 
speaking,  states  with  higher  -  non-equilibrium  -  energies  as  a  consequence 
of  a  special  electron  spin  orientations  have  relaxation  times  of  the  order  of 
microseconds,  while  states  excited  by  a  variance  in  nuclear  spin  orientation 
will  have  relaxation  times  measure  in  seconds®. 

The  time  constant  enters  macroscopically  for  the  interaction  of  millime¬ 
ter  wave  radiation  with  flesh  inasmuch  as  the  energy  is  absorbed  very  near 
the  surface.  The  absorption  length  -  defined  as  the  1/ e  attenuation  length 
for  the  electric  field  vector  and,  hence,  1/e^  for  the  intensity  —  for  millime¬ 
ter  wave  radiation  in  tissue  is  approximately  one-tenth  of  a  wave  length. 


^For  mechanical  systems  vmdergoing  linear  or  rotational  motion,  the  relaxation  times 


can  be  estimated  as 


Tr  «  “  «  *10®  seconds 

rj 


(4) 


where  p  is  the  density  of  the  element  -  taken  here  as  that  of  water  -  and  rj  is  the  viscosity 
of  the  medium,  taken,  again,  as  the  viscosity  of  water.  The  near  equivalence  of  the  time 
constants  calculated  in  different  ways,  follows  from  the  close  relation  between  heat  capacity 
and  mechanical  energy  and  between  thermal  conductivity  and  viscosity. 

®At  room  temperature,  the  spins  of  the  two  protons  in  the  Hi  molecule  are  parallel 
(thus  the  nuclear  spin  is  1ft)  in  3/4  of  the  molecules  and  anti-parallel  (spin  0)  in  l/4.of 
the  molecules  which  is  just  the  statistical  weight.  But  the  spin  0,  singlet,  singlet  state 
has  a  somewhat  lower  energy  than  the  spin  1  triplet  state,  though  the  energy  difference 
is  much  less  than  kT  for  T=300  °K.  But  at  the  temperature  of  hquid  hydrogen,  T=27 
"K,  kT  is  less  than  the  energy  difference  and  the  triplet  molecules  then  make  transitions 
to  the  singlet  state  over  a  period  of  about  one  day.  Thus,  this  ortho-para  transition  in 
liquid  hydrogen  at  27  "K,  the  boiling  point  at  atmospheric  pressure,  has  a  relaxation  time 
of  about  one  day  and  the  heat  released  by  the  transition  contributes  significantly  to  the 
evaporation  of  stored  hquid  hydrogen. 
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Hence,  for  modulations  with  periods  P  <  r,  thermal  effects  in  the  zone  of 
large  energy  deposition  will  depend  only  on  the  average  intensity  and  will 
not  be  affected  by  the  modulation.  And  that  time  limit,  r,  varies  roughly 
as  the  inverse  square  of  the  basic  frequency. 

Quantum  Effects 

At  these  wavelengths  quantum  effects  can  be  considered  to  be  small  - 
though,  perhaps,  not  so  small  as  to  be  wholly  insignificant.  For  radiation 
with  a  wavelength  of  1  mm,  and  a  frequency,  i/  =  300  MHz,  the  photon 
energy,  hu  «  10“^  eV  which  can  be  compared  to,  kT  «  0.025  eV,  to  van  der 
Waals  bonds  with  an  energies  of  the  order  of  0.07  eV,  to  hydrogen  bonds  and 
ionic  bonds  with  strengths  in  the  range  of  0.25  eV,  and  to  covalent  bonds, 
e.g.  the  C-H  bond,  with  a  binding  energy  of  about  4  eV.  (For  chemists, 
0.001  eV  is  about  0.023  kilocalories  per  mole.)  Hence,  we  do  not  expect  to 
see  mm  wave  electromagnetic  fields  generate  significant  quantum  effects,  but 
that  need  not  be  the  case  for  frequencies  in  the  infrared  with  wavelengths 
twenty-five  times  smaller. 

Of  course,  quantum  effects  are,  manifestly,  athermal.  They  can  be  dis¬ 
tinguished  from  thermal  effects  in  principle  by  their  dependence  upon  the 
total  energy  absorbed,  independent  of  the  rate.  The  number  of  quantum 
transitions,  N,  generated  by  an  incident  intensity,  J,  over  a  time  At  on  a 
system  held  at  a  temperature,  T,  can  be  expected  to  proportional  to, 

/•At 

N  =  k{T)  /  J(t)  dt  (5) 

Jo 

where  k{T)  is  a  constant  depending  on  the  density  of  targets  and  the  prob¬ 
ability,  or  cross  section,  of  a  quantum  interaction  with  the  target.  Usually, 
k  will  be  independent  of  T. 

Conversely,  thermal  transitions  will  depend  sensitively  on  temperature 
often  following  the  Arrhenious  prescription, 

/•At 

N  =  k{w',T)  P{T,w'),dt  (6) 

Jo 

where  P{T,w)  is  the  Arrhenious  integral  (Eq.  2). 

In  either  case,  the  simple  exposition  may  be  complicated  by  relaxation 
effects  for  times  At  <  r,  where  r  is  a  relaxation  time. 
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Attenuation  Depth  (mm) 
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Frequency  (MHz) 

1  10  100 
(GHz) 


From  Polk,  Handbook  of  Biological  Effects 
of  Electromagnetic  fields,  Polk  &  Postow, 
CRC,  1996 


Figure  2:  The  energy  attenuation  length  as  a  function  of  frequency  for 
microwaves.  Here  we  define  the  attenuation  length  La  as  the  depth  in  which 
1  —  1/e^  =  86.5%  of  the  energy  is  absorbed.  Other  definitions  are  sometimes 
used. 
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Attenuation  Length  (mm) 


Wavelength  (mm) 


300  000  GHz  30  000  GHz 


D.  Sliney  and  B.  Stack 
Radiofrequency  Radiation  Standards, 
ed.  Klauenberg,  Grandolfo,  and  Erwin 


Figure  3:  The  energy  attenuation  length  as  a  function  of  frequency  for  the 
near  infrared. 
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Interaction  Mechanisms 


With  quantum  effects  of  little  importance,  the  interactions  of  the  electro¬ 
magnetic  field  with  biological  matter  will  largely  follow  from  classical  forces 
on  charges  held  in  the  matter  and  the  following  discussions  are  largely  clas¬ 
sical. 

For  illustration,  we  describe  the  eflfect  of  electric  fields  on  charged  systems 
by  a  displacement  of  positive  and  negative  charged  systems  impeded  by  the 
resistance  of  a  spring  and  a  dashpot  as  shown  in  Fig.  4.  The  spring  exerts 
a  restraining  force,  Fs  =  —Kx,  where  ilT  is  a  spring  constant  and  x  the 
displacement;  the  dashpot  resistance  takes  the  form,  Fd  =  —ndxfdt.  If  the 
characteristic  mass  of  the  system  is  taken  as  m,  the  characteristic  time  for 
the  spring  motion  is,  t$  =  ^/mjK  =  1/w  where  u  is  the  angular  frequency 
of  oscillation,  while,  =  m/n,  is  the  natural  dissipation  time. 


a)  b) 


Figure  4:  Schematic  diagram  of  the  displacement  of  charge  in  elements  that 
can  be  induced  by  an  electric  field. 

If  Td  <  Ts,  the  motion  of  the  charged  elements  will  largely  be  determined 
by  the  dissipation  of  the  dashpot.  If  the  field  is  turned  on  at  time  t  =  0,  the 
displacement  x  will  vary  as, 

JEJq 

a;  «  xq  [l  —  where  xo  =  —  (7) 

However,  if  r®  <  Td,  the  motion  will  be  mainly  determined  by  the  spring 
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constant  and  can  be  approximated  by  the  relation, 


x  =  xo 


l  +  cos{t/td)e 


where 


(8) 


Relaxation  Mechanisms 

Even  as  the  Fourier  transformation  of  a  step  function,  contains  all  frequen¬ 
cies,  the  response  of  a  system  to  a  voltage  step  involves  the  response  of  the 
system  to  all  frequencies.  That  alone  only  is  only  tautology.  But  the  analysis 
is  important  inasmuch  as  the  response  to  a  step  function  over  some  specific 
period  of  time  can  often  be  understood  physically  in  a  simple  manner,  hence 
the  modeling  of  that  physically  simple  response  constitutes  a  modeling  of  the 
frequency  response  of  the  system  over  a  frequency  interval  complementary 
to  that  time. 

The  description  is  especially  useful  if  the  electric  field  imposed  on  the 
sample  is  described,  conventionally,  as  generating  an  induced  dipole  mo¬ 
ment,  or  aligning  a  permanent  dipole  moment,  to  create  a  dipole  moment 
per  unit  volume  or  polarization  P,  which  then  “relaxes”  in  a  characteristic 
time  T  according  to  the  relation, 

P  =  P^  +  P'(l-  (9) 

where  Po©  is  the  very  fast  change  due  to  the  polarization  of  the  electron 
fields  about  the  atoms.  We  can  describe  this  in  terms  of  the  permittivity, 

e  =  eo -h  P/P  =  eoo  + 6.(1 (10) 


Applying  a  Laplace  transformation, 


e 


^00  + 


€oo 
1  +  iuJT 


(11) 


where  e©©  is  the  permittivity  at  infinite  frequency  and  65  is  the  permittivity 

for  a  constant  field.  _ 

Noting  that  the  index  of  refraction,  n  =  x/e/eo  we  can  write  the  index 
of  refraction  of  water  as  a  function  of  frequency  as. 


0  /  PT-  1  M 

1/2 

’  e  ’ 

Tl'uj  — 

r~+(l-iu;r)] 

where  K  = 

-CO. 

and  the  attenuation  length  is,  Lau  =  A/(27r  Im  n). 
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The  time  constant,  r  is  a  parameter  which  is  adjusted  to  fit  the  data 
-  or  better,  the  experimental  results,  usually  expressed  in  terms  of  the  re¬ 
laxation  length,  interpreted  through  these  formulae,  results  in  a  measme 
of  the  relaxation  time.  This  can  be  defined  usefully  in  terms  of  the  mean 
collision  time  defined  simply  as  Tc  «  =  6.5  •  10”^^  firom  the  mean- 

free-path,  i  k.  (l/iV)^/^  =  3  •  10^°  m  and  the  thermal  velocity  of  water 
molecules  VkT  =  v/3fct/2m  =  460  m/s.  The  fit  to  the  data  shown  in  Fig.  2 
follows  from  a  choice  of  r  =  15  •  Tc  =  10“^^  seconds.  Also,  r  =  I/wq  where 
vq  =  ujqI’I'it  =  16  GHz. 

Of  course,  the  description  of  as  complex  a  system  as  a  water  molecule 
and  its  interactions  with  its  surroundings  in  liquid  water  by  one  parameter  - 
a  relaxation  time  -  must,  necessarily  be  a  rough  approximation  at  best,  but 
that  this  one  parameter  describes  the  interaction  of  water  with  microwave 
fields  over  a  considerable  fi:equency  interval,  is  surely  interesting. 

Forces  on  Elements  Carrying  Charge 

Translational  Motion 

We  first  examine  the  effects  of  fields  on  the  translational  motion  of  charged 
elements  in  an  inertial  system  where  the  mean  or  initial  velocity  of  the 
charged  element  is  zero  and  the  neglect  of  effects  of  the  magnetic  part  of  the 
field  introduces  no  significant  error.  In  particular,  we  describe  the  effects  of 
an  electric  field,  taken  in  a  y-direction,  of  angular  frequency  w  and  amplitude 
Eq,  on  an  element  of  mass  m  holding  a  (monopole)  charge  q.  The  total  force 
on  the  element  can  be  described  as  a  binding  force,  Fj,  =  —Ky,  a  driving 
force  Fd  =  EqQ cosuit,  where  y  is  the  displacement  of  the  element  from  an 
equilibrium  position  in  the  direction  of  the  field  Eq,  and  a  stochastic  noise 
force,  ^(t).  For  small  elements  on  the  cell  level,  this  noise,  derived  from 
interactions  with  their  neighborhood  environment,  can  be  approximated  by 
a  viscose  resistance,  Fr  =  -ydy/dt.  Further  dissipation  effects  will  only 
reduce  the  energy  transfer.  For  free  elements,  K  =  0,  though  even  nominally 
free  elements  may  have  interactions  with  neighboring  molecules  that  result 
in  some  degree  of  restraint.  Equating  the  sum  of  these  forces, 

'yy  +  Ky  =  Eoqcosut 

Writing  the  variation  of  y  with  time  as  y  =  yo  cos{uit  +  <f>), 

2  ^  {Epq)^ 

10 


(13) 

(14) 
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(15) 


and  the  mean  kinetic  energy,  Wt  of  the  element  is, 

1  2  2  1  iEoq)^muj‘^  1  Eoq^m 

Wi’  -  ^  mw  2/0  -  4  ^2  +  ^2^2  ^  4  (ii:/c^)2  +  ^2/4 

We  estimate  the  viscous  resistance  jfrom  Stoke’s  Law,  7  =  GTTT/r,  where  r 
is  a  characteristic  length  of  the  element;  for  a  sphere,  r  is  the  radius.  Outside 
of  cells,  77  will  be  the  viscosity  of  the  tissue  electrolyte;  inside  of  cells,  7  will 
be  the  viscosity  of  the  cytoplasm;  for  elements  held  in  the  membranes,  rj 
will  be  the  viscosity  of  the  dilipids  making  up  the  membrane.  For  general 
estimates,  we  take  that  viscosity  77,  conservatively,  as  that  of  water,  where 
77  =  7-10“^  Ns/m?  at  life  temperatures.  The  viscosity  of  cytoplasm  has  been 
reported  to  be  much  greater  than  water^,  and  the  viscosity  of  the  dUipid  cell 
membrane  material  is  not  likely  to  be  much  less  than  that  of  water. 

For  unrestrained  (i.e.  with  if  w  0)  cell-size  systems  in  an  aqueous  so¬ 
lution,  any  charge  carried  by  the  system  tends  to  be  partially  neutralized 
by  coimter  ions  and  q/'^  =  fi  where  /x  !=a  3  •  10“®  m? /Vs  is  a  mobihty  that 
is  nearly  independent  of  the  size  of  the  charged  sphere,  its  composition, 
or  the  magnitude  of  the  charge,  if  the  charge  is  large  enough.  With  this 
substitution  in  Eq.  15,  the  maximum  kinetic  energy  for  a  cell  of  mass  m  is 
Wt  —  (Eo/x)^77i/47^,  and  for  the  canonical  cell  with  a  radius,  r  =  10  /xttx, 
and  Eq  =  282  V,  Wt  =  0.018  kT. 

Since  Wt  ot  m/j^  a  r,  for  very  large  spheres,  or  large  cells,  Wt  will  be 
somewhat  larger  but  will  not  likely  exceed  kT.  Conversely,  smaller  elements 
will  have  energies  much  less  than  kT. 

The  maximum  value  of  Wt  is  largely  set  by  the  dissipative  factor  7  = 
QTTTjr,  where, 

r.y  =  771/7  ~  2.2  •  10“®  seconds  (16) 

is  the  characteristic  viscous  time  constant  for  the  canonical  cell  with  a  radius, 
r  =  lO/xTTi.  Time  constants  derived  in  different  ways  should  have  similar 
values.  The  thermal  relaxation  time  can  be  expressed  as, 

Tt  =  — a?  =  1.6  •  10®  •  a?  seconds  (17) 

4k 

where  C  is  the  volume  thermal  capacity  and  k  the  conductivity  of  water 
while  a  is  a  characteristic  length.  Taking  o  =  r  =  10  fjmn  for  the  cell, 
Tt  PS  1.6  •  10“'^  s.  The  rough  equivalence  of  and  Tt  suggests  that  the 
estimate  is  reliable  to  within  an  order  of  magnitude. 
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Rotational  Motion 

Effects  may  follow  from  torques,  N  =  (pxE)  produced  by  the  interaction  of 
electric  fields  E  with  elements  carrying  permanent  electric  dipole  moments  p. 
The  total  torque  on  an  element  with  a  electric  dipole  moment  d  will  be  made 
up  of  a  binding  torque,  Tf,  =  -Nb9,  and  a  driving  torque,  Td  =  N  cos  ujt, 
where  6  is  the  angle  of  rotation  and  a  stochastic  noise  torque.  Again,  we 
approximate  the  effects  of  such  noise  by  a  resistive  torque,  Tr  =  —09,  and 
write  an  equation  with  a  form  like  Eq.  5: 

For  free  elements,  ATj,  =  0,  though  even  nominally  free  elements  may 
have  interactions  with  neighboring  molecules  that  result  in  some  degree  of 
restraint.  Equating  the  sum  of  these  forces  to  the  acceleration, 

09  +  Nb9  =  Eod  cos  ut  (18) 


Writing  the  variation  of  9  with  time  as  ^  =  00  cos(a;t  +  </>), 
^  _  (Bkdf  _  JV, 


2  V  2 

and  the  mean  kinetic  energy,  Wp  of  the  element  is, 

u/  -ir  2.2  l(god)^Jcu^  .1  {Epdfl 

Wt  0  4  jv2  +  ^2^2  ~  4  (iVb/w)2  +  y02 


(19) 

(20) 


where  I  is  the  moment  of  inertia  of  the  element.  Again  it  is  important 
to  couch  conclusions  in  terms  of  some  particular,  but  simple,  structure  in 
order  to  provide  insights  into  general  behaviors.  Hence,  we  state  energies 
and  torques  in  units  of  kT,  and  we  use  the  easily  visualized  sphere  of  radius 
r  and  the  density  of  water  as  a  surrogate  model  for  both  the  moment  of 
inertia  and  the  viscous  resistance.  Using  Stokes  Law  as  a  guide,  we  estimate 
the  resistive  torque,  09,  on  a  rotating  system  by  taking  0  =  where 
V  is  the  volume  of  the  system.  This  relation  is  exact  for  a  sphere  with  a 
diameter  larger  than  1  pm.  and  an  adequate  approximation  for  this  purpose 
for  elements  with  other  shapes  and  smaller  sizes. 

It  is  helpful  to  make  some  numerical  estimates  of  possible  interactions  of 
electric  fields,  such  that  Eq  =  282  V/m,  with  elements  holding  permanent 
electric  dipole  moments.  In  particular,  we  consider  the  hemoglobin  macro¬ 
molecule,  which  has  an  effective  dipole  moment  of  d  =  1.6  •  Cm  and 
a  moment  of  inertia  /  w  8  •  kgm?.  The  length  of  the  molecule  is 

L  w  7  •  10"®  m  and  we  take  the  volume  of  the  molecule  as  u  «  10"®®  m®, 
0  ^  Q  ■  10"®®  Nms.  With  these  values,  Wp  <  2.8  •  10"^“*  kT.  The  en¬ 
ergy  transfer  is  small  and  can  be  significant  only  if  the  relaxation  time  were 
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about  7  orders  of  magnitude  longer.  Dimensionally,  Wt  oc  Lq^,  and  smaller 
systems  have  even  stronger  energy  constraints. 

Properties  of  water. 

If  the  simple  model  describing  the  transmission  of  energy  from  microwaves 
to  large  molecules  is  valid,  the  model  should  describe  the  known  absorption 
of  microwave  energy  to  water.  The  diagram  of  Fig.  4  suggests  the  character 
of  the  water  molecule.  For  a  free  molecule  in  a  gaseous  state  at  low  pressure, 
the  angle  between  the  linkage  of  the  two  hydrogen  atoms  to  the  oxygen  atom 
is  about  104.5"  and  the  bond  lengths  are  about  0.096  nm.  The  valence  bonds 
are  such  that  the  hydrogen  atom  valence  electron  occupies  the  vacancy  in 
the  n  =  2  shell  of  the  oxygen  atom  about  32%  of  the  time  so  as  to  generate 
a  permanent  dipole  moment  of  about  6  •  10“^*^  mC. 

The  heat  of  condensation  of  water  of  about  540  calories  per  gram,  at  a 
pressure  of  one  atmosphere,  represents  about  500  calories  of  binding  energy 
plus  about  50  calories  of  PV  work.  The  500  calories  of  binding  energy 
represents  about  15  kT  per  molecule.  The  water  molecules  are  attached 
to  each  other  loosely  through  weak  hydrogen  bonds  connecting  the  oxygen 
atom  of  one  molecule  with  the  hydrogen  atom  of  another  molecule.  The 
binding  energy  of  such  a  bond  is,  hence,  only  about  4  kT.  The  mean  bond 
length  is  about  0.285  nm.  The  bonds  are  continually  being  made  and  broken 
as  the  molecules  change  partners.  These  bindings  are  sufficiently  loose  so 
that  the  characteristic  vibrational  frequency,  Vr  <  AkT/h  «  2.6  •  10^^  Hz  at 
T  =  310  °K,  and  is  not  then  completely  “frozen  out  quantum  mechanically 
at  the  temperatures  characteristic  of  liquid  water. 

While  the  interaction  with  the  other  molecules  modifies  the  shape  and 
the  mean  charge  held  by  the  atoms  somewhat  from  the  values  cited,  those 
values  will  be  adequate  for  the  estimates  we  make  for  the  interaction  of  water 
with  high  frequency  electromagnetic  fields.  Then,  we  can  assign  moments 
of  inertia,  Ix  ^  2.1  •  10“'^^  kgm?,  and  ly  «  1.2  •  10“'^’^  kgm?'  and  Iz  » 
3.3  •  10“'^^  kgm^  where  the  coordinate  axis  are  those  shown  in  Fig.  4. 

Power  absorbed  by  water. 

The  power,  P,  absorbed  by  a  dipole  is, 

P  =  (06)  ■6^09^^  0cjH^  (21) 
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Figure  5:  A  diagram  suggesting  the  character  of  an  H^O  molecule  in  liquid  water. 
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Then  the  time-average  power  is, 

p  _  — where  Oi  =  -rp) — 39—5- 
2  ^  Nl  +  I3^uj^ 

Taking  the  average  over  orientations  of  the  dipole  moment, 


(Ed)^ 

4/5 


is  the  power  absorbed  by  one  molecule  of  water.  The  absorption  of  a  unit 
volume  of  water  will  be  Pn  =  N  •  Pi.  where  N  is  the  number  of  molecules 
of  water  in  a  unit  volume  and  N  =  Ap/M  =  3.33  •  10^®,  where  A  =  6  ■  10^® 
is  Avogadro’s  number,  p  =  1000  kg/m^  is  the  density  of  water,  and  M  =  18 
is  the  molecular  weight  of  water.  The  minimum  attenuation  length  Aq  is 
then  the  ratio  of  the  maximum  absorbed  power  in  the  unit  volume  to  the 
incident  power  density. 


,  I  _  eoE^c  _eoc-2477  _^,  in-3  „ 

~  Pat  “  JVP2d2/(4 .  QrjV)  NH^ 

which  is  about  that  measured  for  a  wavelength  of  3  mm  and  in  reasonable 
accord  with  experiment. 

Resonance  Absorption 

Previous  discussions  emphasized  the  non-resonant  interactions  of  electro¬ 
magnetic  waves  with  systems  damped  by  viscous  impedance.  Generally  the 
damping  was  sufficient  to  preclude  strong  resonant  effects.  We  consider 
here  the  absorption  of  electromagnetic  energy  in  a  formally  different  man¬ 
ner  through  a  partial  wave  analysis  which  emphasizes  resonant  absorption®. 
Here  the  damping  of  the  system  is  described  in  terms  of  the  removal  of 
energy  from  the  system  through  thermal  conductivity. 

The  absorption  of  energy  by  a  resonant  system  from  a  plane  wave  can 
be  expressed  in  terms  of  an  absorption  cross  section,  Ca  where, 


where  Fa  is  the  absorption  width,  Fg  is  the  scattering,  or  emission,  width, 
F  =  Fo-I-Fg  is  the  total  width;  the  lifetime  r  =  1/F.  The  resonant  frequency 
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is  Ur,  and  A  is  the  wavelength  of  the  radiation.  The  cross  section  a  —  a  is 
defined  as  the  power  absorption  per  unit  incident  power  flux  and,  thus,  has 
the  dimensions  of  area. 

The  energy  absorption  can  be  calculated  using  the  relation, 


/ 


(Ja  dv  <  6A^r5 


(27) 


where  the  equality  holds  if  the  frequency  spread  of  the  incident  radiation, 
Aoj  —  ijjj  —  u)i  encompasses  the  whole  resonance,  Au>  >  T,  and  Fa  ^  F^. 
Here,  Fg  =  1/ts  where  Ts  —  W/P  «  Q/u  where  W  is  the  energy  stored  in 
the  resonance  and  P  is  the  power  radiated  through  the  oscillating  electric 
dipole  moment.  If  there  were  no  dissipative  effects  and  Fa  =  0,  Ts  would  be 
the  lifetime  of  the  state. 

From  Eqs.  26  and  27,  for  Fa  >  F^  and  for  an  incident  power  density  P, 
the  power  absorbed  by  the  system  will  be. 


Pa  <  6PA2  ^ 
a 


(28) 


Where  a  can  be  taken  as  the  larger  of  the  quantities,  27rTa  or  Au. 

Since,  biological  systems  tend  to  be  much  smaller  than  the  microwave 
wavelengths,  which  by  definition  are  greater  than  1  mm,  the  coupling  of  the 
dipole  moment  to  the  radiative  field  tends  to  be  small  and  the  maximum 
absorption  by  the  system  will  be  small,  we  estimate  r5,  and  then  the  ab¬ 
sorption  cross  section  integral,  using  classical  electrodynamics.  The  power 
Ps  radiated  by  an  oscillating  electric  dipole  is, 


_  1  1  j  A 

Ps  =  1 - where  do  =  9^0 

47reo  oc'^ 


(29) 


where  u  =  2'!TcfX  is  the  radial  frequency  of  the  oscillator,  po  is  the  maximum 
dipole  moment  which  I  describe  in  terms  of  an  amplitude  Aq  and  charge,  q. 
With  this  model,  we  consider  the  energy  of  the  oscillator  as. 


1  9. 9  I  Ps 

=  andr.=  -  =  -=g^^ 

where  m  is  a  characteristic  mass.  Combining  Eqs.  29,  30,  and  31, 


Pa< 


I 


and  Wa  =  Pa- T 


Pa  ^  I  47rg^ 

Fa  -  aVa  eomc 


a  €omc 

where  Wa  is  the  maximum  absorbed  energy  and  Fa  =  l/Ta«l/T. 
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(30) 


(31) 
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We  use  these  relations  to  consider  energy  transfers  to  several  specific 
systems  to  provide  general  quantitative  insights.  (We  note  the  claims  of 
Grundler  and  Kaiser®  that  there  are  biological  resonances  in  the  frequency 
range  of  45  •  10®  Hz,  hence,  A  =  6.67  mm.)  We  use  the  canonical  power  level 
of  J  =  10  mW/cm?  =  100  W/m?  for  numerical  calculations  and  assume 
conservatively  that  the  incident  electromagnetic  waves  are  nearly  monochro¬ 
matic  and  that  Az/  is  very  small. 

1  Assume  the  effective  oscillator  is  a  ion.  Prom  Eq.  3,  taking  r  =  1 

A,  we  have  assumed  the  relaxation  time  as  Tr  =  l/Fa  10”^^  s.  With  this 
value,  the  maximum  energy  transfer  to  the  system  will  be  5.6  •  10“^®  kT. 
Only  if  the  relaxation  time  is  8  orders  of  magnitude  longer,  will  the  absorbed 
energy  be  greater  than  kT  and  larger  than  thermal  fluctuations. 

2.  I  consider  a  macromolecule  where  the  effective  charge  is  q  =  lOe  = 
1.6  •  10"^®  C  and  the  mass  is  5  •  10”^^  kg.  Taking  the  characteristic  length 
as  a  =  5  •  10~®  m  (the  radius  of  a  volume  of  water  of  mass  m.),  the  thermal 
relaxation  time  firom  Eq.  3  is  Tr  =  4  •  10“^^  seconds  and  the  maximum  en¬ 
ergy  transfer  as  1.5  •  10“^®  kT.  Again  the  energy  transfer  is  small  and  can 
be  significant  only  of  the  relaxation  time  were  about  5  orders  of  magnitude 
longer. 

Coherence 

If  two  systems  close  together  resonate  at  the  same  frequency,  their  interac¬ 
tion  with  electromagnetic  fields  is  proportional  to  the  sum  of  their  vector 
dipole  moment  amplitudes,  and  the  systems  are  coherent.  Otherwise,  the 
interaction  is  proportional  to  the  sum  of  the  squares  of  the  amplitudes;  the 
intensities  add  and  the  systems  are  incoherent.  Hence,  the  interaction  of 
N  equal  coherent  systems  results  in  energy  absorption  and  reemission  equal 
to  times  that  for  one  system  while  the  absorption  and  reemission  will 
be  equal  to  N  times  one  system  if  the  systems  are  incoherent.  Therefore, 
the  energy  absorbed  from  an  electromagnetic  wave  by  a  iV  resonant  systems 
can  be  as  much  as  N  times  greater  if  the  systems  act  coherently  than  if 
they  are  incoherent.  Frolich^  has  emphasized  the  possibility  that  coherent 
effects  may  be  important  at  frequencies  near  the  infrared  level  if  the  incident 
energy  is  sufficiently  large. 

If  systems  are  to  be  coherent,  two  conditions  must  apply,  (i)  The  systems 
must  be  sufficiently  close  together  so  that  the  phase  of  the  incident  electro¬ 
magnetic  wave,  of  wavelength  A,  acting  on  them  will  be  nearly  the  same. 
This  will  be  the  case  if  the  distance  a  between  the  systems  will  be  such  that 
a  <  \/2'!t.  (ii)  The  frequency,  v,  of  the  systems  must  be  nearly  the  same. 
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For  two  systems  i  and  j,  \ui  —  Vj\  <  l/(27rrr),  where  Tr  is  the  relaxation 
time.  If  that  frequency  equivalence  is  to  hold  over  large  regions  of  generally 
heterogeneous  structure,  the  elements  must  be  mechanically  coupled.  That 
coupling  will  extend  over  a  characteristic  length  that  we  can  estimate  as 
A  ss  Vg/v,  where  v  is  the  frequency  of  the  electromagnetic  wave  and  Vg  is 
the  velocity  of  soimd  in  the  system.  However,  if  the  system  is  sufficiently 
homogenous,  the  dipole-dipole  coupling  of  the  individual  oscillators  maybe 
sufficient  and  the  limitation  on  the  characteristic  length  may  be  relaxed. 

We  consider  typical  systems  that  may  act  coherently. 

3.  A  sector  of  the  cell  membrane,  with  an  electric  dipole  density  taken 
from  the  known  potential  difference  of  about  70  mV  across  the  membrane, 
could  interact  with  a  high  frequency  electromagnetic  wave.  We  estimate  the 
relevant  area  of  membrane  Am  ^  A^,  where  A  =  Vg/v  over  which  coherence 
can  be  expected  to  obtain  where  Vg  ss  1500  m/s,  the  velocity  of  sound  in 
water,  is  an  estimate  of  the  velocity  of  sound  in  the  membrane  and  Am  ^ 
1.1  •  10~1®  m?. 

Taking  the  thickness  of  the  membrane  as  d=  10"®  m  and  the  potential 
across  the  membrane  as  dV  =  100  mV,  we  estimate  the  dipole  charge  density 
as  a  =  K  dV  €o/d  where  we  take  the  dielectric  constant  of  the  membrane, 
A  5.  For  the  mass,  we  assume  a  membrane  density  twice  that  of  water. 
Estimating  the  thermal  relaxation  time  Tr  =  l/Fa  »  10"®  seconds  from 
Eq.  3,  the  maximum  energy  transfer  is  3.7  •  10"^^  Following  Frolich, 
the  vibrational  frequency  must  be  near  v  =  Vg/d  «  1.5  •  10^^  s  ^  -or  a 
wavelength,  A  «  2  mm. 

4.  Perhaps  the  region  of  coherence  is  larger.  I  modify  the  above  model 
by  assuming  a  coherent  region  A  =  r®  where  r  =  10  fxm  is  the  radius  of 
a  typical  cell.  For  a  sheet,  the  thermal  relaxation  time  will  depend  only 
upon  the  thickness  of  the  membrane  and  that  time  will  be  the  same  as  for 
the  smaller  membrane  sector  considered  in  (3)  and  the  maximum  energy 
transfer  is,  Wa  =  1-2  •  10"'^  kT,  again  too  small  to  be  significant. 

Forces  on  Induced  Charges 

Induced  moments  with  interaction  energies  W  >  kT  can  be  created  by 
electric  fields  of  the  order  of  100  V/m  (power  densities,  1=25  W/m2)  but 
only  at  frequencies  such  that  the  angular  frequency,  u>  <1/ RC ,  the  inverse  of 
the  natural  time  constant  of  the  element.  But  RC  sa  eo/?,  where  pm  I  fl-m, 
which  places  a  high  frequency  cutoff  of  i/  =  10  GHz  on  such  induction  hence 
we  should  not  expect  induced  effects  at  mm  wavelengths,  where  30  GHz 
<v  <  300  GHz  to  be  important. 
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Appendix  A,  Resonances  in  Rotational  Motion 

We  have  proceeded  under  the  approximation  that  inertial  eflFects  can  be 
neglected.  It  is  interesting  to  review  that  in  detail  and  in  that  review, 
consider  in  more  detail  the  limitations  on  resonances  that  might  follow  from 
vibrations  of  whole  molecules  or  large  portions  of  a  molecule. 

While  the  argument  presented  here,  and  applied  specifically  to  possible 
rotational  states  of  water  as  it  is  loosely  bound  in  the  liquid  to  four  other 
water  molecules  through  hydrogen  bonds,  is  directed  to  rotational  motion 
generated  by  the  couphng  of  the  electric  field  to  permanent  dipole  moments, 
the  same  arguments,  with  the  same  conclusions,  can  be  presented  concerning 
linear  displacements  of  charged  elements. 

Rotational  effects  may  follow  from  torques,  N  =  {p  x  E)  produced  by 
the  interaction  of  electric  fields  E  with  elements  carrying  permanent  electric 
dipole  moments  p.  The  total  torque  on  an  element  with  a  electric  dipole 
moment  d  will  be  made  up  of  a  binding  torque,  Th  =  -Nbd,  and  a  driving 
torque,  Td  =  N  cosojt,  where  9  is  the  angle  of  rotation  and  a  stochastic  noise 
torque.  For  firee  elements,  Nb  =  0,  though  even  nominally  free  elements  may 
have  interactions  with  neighboring  molecules  that  result  in  some  degree  of 
restraint.  And  we  approximate  the  effects  of  such  noise  by  a  resistive  torque, 
Tr  =  —PO.  Equating  the  sum  of  these  forces  to  the  acceleration, 


19  —  —09  —  Nb9  +  Eod  cos  urt 
Writing  the  variation  of  9  with  time  as  0  cos(a;t  +  0), 
.2  (Eod)^  ^  2  Nb 


and  the  mean  kinetic  energy,  Wt  of  the  element  is. 


Wt  =  =  7 


{Eod)W 


{Eod)^I 


4  J2 (wg  -  u;2)2  + 132^2  4  2I2{ujq  -  uf  +  0“^ 


(32) 


(33) 


(34) 


where  I  is  the  moment  of  inertia  of  the  element. 

Again  it  is  important  to  couch  conclusions  in  terms  of  some  particular, 
but  simple,  structure  in  order  to  provide  insights  into  general  behaviors. 
Hence,  we  state  energies  and  torques  in  units  of  fcT,  and  we  use  the  easily 
visualized  sphere  of  radius  r  and  the  density  of  water  as  a  surrogate  model 
for  both  the  moment  of  inertia  and  the  viscous  resistance.  Using  Stokes 
Law  as  a  guide,  we  estimate  the  resistive  torque,  09,  on  a  rotating  system 
by  taking  0  —  QrjV  where  V  is  the  volume  of  the  system.  This  relation 
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is  exact  for  a  sphere  with  a  diameter  larger  than  1  and  an  adequate 
approximation  for  this  purpose  for  elements  with  other  shapes  and  smaller 
sizes. 

With  so  definite  a  model,  we  review  the  effects  of  inertial  forces  by  con- 
sidering  the  time  constant,  rj  =  1/0.  For  a  sphere,  I  =  {2/5)Vpr^  and 
0  =  6nV,  where  p  =  1000  kg/m^  is  the  density  of  the  material,  which  we 
take  as  that  of  water,  t?  =  7  •  10“^  Nms~^,  is  the  viscosity  of  water,  and  V 
is  the  volume  of  the  system.  Then  r  «  10~^^  for  r  =  3  •  10  ^*^m,  which  is 
a  reasonable  radius  for  water.  In  this  approximation,  one  can  then  neglect 
inertial  terms  up  to  frequencies  of  oJUm  =  l/r  w  10^“^  or  vnm  =  2  •  10'^  GHz 
which  is  well  into  the  infrared. 

In  general,  we  should  not  then  expect  microwave  resonances  related  to 
the  vibrations  of  molecules  or  elements  of  molecules  that  contain  whole 
atoms. 

Looking  at  the  same  problem  from  a  different  viewpoint,  we  make  some 
numerical  estimates  of  possible  interactions  of  electric  fields,  such  that  Eq  — 
282  V/m*  with  elements  holding  permanent  electric  dipole  moments.  In 
particular,  we  consider  the  hemoglobin  macromolecule,  which  has  an  ef¬ 
fective  dipole  moment  of  d  =  1.6  •  10“^’’  Cm  and  a  moment  of  inertia 
/  «  8  •  10~^°  kgm^.  The  length  of  the  molecule  is  L  7  •  10“®m  and 
we  take  the  volume  of  the  molecule  as  v  «  10“^®  m^,  /?  «  6  •  10“^®  Nms. 
With  these  values,  Wt  <  2.8-10"^^  kT.  The  energy  transfer  is  small  and  can 
be  significant  only  if  the  relaxation  time  were  about  7  orders  of  magnitude 
longer.  Dimensionally,  Wt  oc  Lq^,  and  smaller  systems  have  even  stronger 
energy  constraints. 
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Abstract 

Both  continuous  wave  (cw)  and  pulsed  (microsecond  to  femtosecond)  lasers,  emitting 
in  the  ultraviolet  (uv),  visible,  and  infrared  (IR)  regions  of  the  spectrum,  have  the 
potential  to  inflict  severe  biological  damage  on  unprotected  humans  and  animals. 
Mechanisms  for  laser-tissue  damage  fall  into  three  catagories:  photochemical  damage 
from  short  wavelength  radiation,  photothermal  damage  from  bulk  tissue  heating,  and 
photomechanical  damage  (ripping  and  tearing)  due  to  bubble  formation  or  shock  wave 
emission  from  vaporized  or  superheated  tissue.  As  most  laser  energy  is  absorbed  near  the 
surface  of  the  body,  the  damage  is  done  primarily  to  the  eyes  and  skin.  Skin  damage  can 
occur  from  uv,  visible,  or  IR  exposure  to  cw  lasers  with  high  average  power  or  pulsed 
lasers  with  high  peak  power  and  irradiance.  Both  surface  bimis  and  skin  ablation 
(removal  of  surface  tissue)  can  be  produced,  depending  on  the  type  and  duration  of  the 
exposure.  Biological  effects  on  the  eye  may  be  either  transient  or  permanent.  Transient 
impairment  of  eyesight  (glare,  flashblindness)  only  occurs  with  visible  light  and  is 
produced  by  saturation  of  the  photoreceptors  on  the  retina.  Permanent  ocular  effects 
include  corneal  bums  (from  uv  and  IR  exposure)  and  retinal  bums  and  hemorrhages 
(from  visible  and  near-IR  radiation).  The  retina  is  the  organ  most  at  risk  because  ocular 
focusing  increases  the  irradiance  (power/area)  by  a  factor  of  100,000  as  light  propagates 
from  the  cornea  to  the  retina.  Ultrashort  pulses  (sub-microsecond)  in  the  visible  and  near- 
IR  are  the  greatest  retinal  hazard,  since  very  low  pulse  energies  (millijoules)  can  cause 
retinal  hemorrhages  and  temporary  or  permanent  loss  of  vision. 
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WMU  Characteristics  of  Lasers 
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BIOLOGJ<"  ^  ^  FF^rCTS  OF  LAS^^S 
Anatomy  of  Skin 
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microsecond) 

Couples  mechanical  impulse  into  body 
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•  Central  (20/20)  vision  occurs  at  fovea 

•  Pupil  adjusts  from  7  mm  dia  (night)  to  2  mm  dia  (bright  day) 
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amDient  iignt  level  caay,  mgnt; 

task  acuity  (reading  text  versus  seeing  a  car) 


■MF  Permanent  Ocular  Effects 
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»  millijoules  at  cornea  to  obtain  retinal  hemorrhage 

-  Degree  of  vision  loss  depends  on  type  of  damage  and  on 
where  damage  site  lies  on  the  retina 
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self-focusing  second  harmonic  generation 

nonlinear  absorption  supercontinuum  generation 

laser  Induced  breakdown  stimulated  Brillouin  scattering 


mm  Laser  Eye  Safety 
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Permanent  damage  usually  occurs  at  much  shorter  ranges 


WUi  Effective  Ocular  Damage  Range 
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Actual  ranges  highly  dependent  on  laser  and  scenario 


HMF  "Blinding"  Laser  Damage 
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-  20/400  or  worse  in  the  better  eye 

•  Legal  blindness  in  the  United  States 

-  20/200  or  worse  in  the  better  eye 


Assessment  of  Anterior  Segment  Ocular  Bioeffects 


Steven  Chalfin,  MD 

Ophthalmology  Department  -  UTHSCSA 
7703  Floyd  Curl  Drive,  San  Antonio,  TX  78284-6230 
(210)  567  8411  chalfin@uthscsa.edu 


Abstract:  Both  millimeter  wave  (MW)  microwaves  and  infrared  (IR)  lasers  are 

known  to  produce  significant  biological  effects  in  the  anterior  segment  of  the  eye.  This 
presentation  will  provide  an  overview  of  the  principles  and  methodologies  used  to  detect, 
characterize,  and  quantify  anterior  segment  bioeffects  in  the  human  (or  other  primate)  eye. 

MW  or  IR  exposure  may  produce  changes  in  ocular  structure,  which  can  be  detected 
directly,  or  indirectly  by  their  effect  on  visual  function.  Visual  function  is  t5q)ically  assessed 
by  testing  either  visual  acuity  or  contrast  sensitivity.  The  technique  of  slit  lamp  bio¬ 
microscopy  may  be  used  to  qualitatively  observe  structural  changes  in  the  conjunctiva, 
cornea,  iris,  and  lens.  Computerized  corneal  topography  is  used  to  detect  and  quantify 
minute  changes  in  comeal  curvature,  which  affect  the  refractive  status  of  the  eye.  Comeal 
endothelial  cell  density,  morphology,  and  (indirectly)  function  can  be  measured  using  the 
technique  of  specular  microscopy.  Cataract  formation  may  be  quantified  using  either 
Scheimpflug  photography  or  an  opacity  lensmeter. 

Emerging  technologies  which  may  have  a  role  in  the  assessment  of  anterior  segment 
bioeffects,  such  as  the  confocal  microscope,  will  be  briefly  discussed. 

Measurement  of  Visual  Function:  The  traditional  assessment  of  visual  function  has 
been  accomphshed  by  measurement  of  visual  acuity.  Using  black  optotypes  on  a  white 
background,  visual  acuity  provides  a  measure  of  the  resolution  of  the  eye  for  high  (95- 
100%)  contrast  targets.  Contrast  sensitivity  measurements  using  sinusoidal  gratings  at 
varying  spatial  frequencies,  allows  testing  a  wider  spectram  of  visual  function.  Both  visual 
acuity  and  contrast  sensitivity  measure  the  function  of  the  eye  as  a  whole,  and  decrements 
in  these  parameters  cannot  be  directly  related  to  a  specific  anatomical  defect. 

Electrophysiologic  testing  such  as  the  electroretinogram  (ERG)  or  visual  evoked  potential 
(VEP)  allows  determination  of  retinal  and  visual  pathway  function  and  may  be  used  in 
conjunction  with  other  testing  to  relate  visual  impairment  to  anterior  segment  pathology. 
Unhke  visual  acuity  and  contrast  sensitivity,  which  are  somewhat  subjective, 
electrophysiologic  testing  is  completely  objective. 

Anterior  Segment  Anatomy:  The  anterior  segment  of  the  eye  consists  of  the 

conjunctiva,  cornea,  anterior  chamber,  iris,  and  lens.  Because  of  their  short  wavelength, 
milhmeter  waves  only  superficially  penetrate  biological  tissue.  This  localized  absorption 
can  produce  very  high  specific  absorption  rates  (SAR)  in  a  relatively  small  volume  of 
tissue.  In  addition  to  high  SARs,  the  heating  pattern  of  millimeter  wave  energy  that  is 
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absorbed  in  tissue  can  be  non-uniform,  with  local  SAR  values  exceeding  the  average  SAR 
by  a  factor  of  ten  (hot  spots).  Almost  all  previous  studies  of  millimeter  wave  absorption 
have  used  skin  as  the  target  tissue.  The  highly  vascularized  structure  of  skin  may  allow 
significant  heat  removal  by  conduction,  and  an  increased  threshold  to  millimeter  wave 
damage.  The  cornea  and  lens  of  the  eye,  however,  are  avascular,  and  may  be  especially 
vulnerable  to  millimeter  wave  injury. 

Corneal  Anatomy:  The  cornea  is  composed  of  five  histologic  layers;  epithelium. 
Bowman’s  layer,  stroma,  Descemet’s  membrane,  and  endothelium.  Of  these,  epithelium, 
stroma,  and  endothelium  are  most  likely  to  show  acute  and  chronic  changes  secondaiy  to 
millimeter  wave  absorption. 

Slit  Lamp  Biomicroscopy:  The  technique  of  slit  lamp  biomicroscopy  allows  high 
quality,  high  magnification,  stereoscopic  imagery  of  the  entire  anterior  segment.  In  clinical 
ophthalmology,  it  is  considered  the  ‘Gold  Standard’.  It  is  excellent  for  detection  and 
characterization  of  damage  to  the  anterior  segment  structures,  but  less  useful  for 
quantification  of  damage.  Widely  available  and  relatively  inexpensive,  it  is  the  primary 
instrument  used  for  anterior  segment  examination.  A  number  of  topical  stains  may  be  used 
in  conjunction  with  the  slit  lamp  to  highlight  corneal  epithelial  damage.  These  include 
fluorescein,  which  stains  areas  of  corneal  epithehal  cell  loss,  and  rose  bengal,  which  stains 
dead  or  dying  epithelial  cells. 

Specular  Microscopy:  This  technique  uses  a  high  magnification  camera  with  a 

contact  or  non-contact  objective  to  image  the  corneal  endothelium  by  specular  reflection. 
It  allows  photography  of  the  corneal  endothelium  in  vivo.  Endothelial  cell  density  may  be 
measured  by  means  of  a  standardized  counting  grid,  and  cell  morphology  may  also  be 
assessed.  Specular  microscopes  also  have  the  ability  to  measure  corneal  thickness 
(pachymetry),  which  is  an  indirect  indication  of  endothelial  cell  fimction. 

Comeal  Topography:  This  technique  uses  the  principle  of  the  Placido  disk,  a  series 

of  dark  and  light  rings,  to  measure  the  shape  of  the  corneal  surface.  A  digital  camera 
captures  an  image  of  the  reflected  rings  and  a  computer  analyzes  the  image  to  calculate  the 
corneal  curvature  and  construct  a  topographic  map.  Corneal  topography  is  able  to  detect 
very  small  changes  in  the  surface  on  the  order  of  0.1  diopter.  Corneal  stromal  heating 
secondary  to  millimeter  wave  absorption  may  result  in  collagen  shrinkage  and  irregularities 
in  corneal  topography. 

Lens  Anatomy:  The  crystalline  lens  is  a  multilaminar  structure,  which  is  particularly 

sensitive  to  ionizing  and  non-ionizing  radiation.  It  consists  of  a  central  nucleus,  which 
grows  throughout  life  surrounded  by  a  softer  cortical  layer.  The  lens  epithelium,  which 
overlies  the  cortex,  contains  dividing  cells,  which  add  layers  to  the  lens.  Surrounded  by  an 
acellular  capsule,  the  lens  is  suspended  in  the  eye  by  the  zonule. 

Measurement  of  Lens  Opacity  Slit  lamp  examination  of  the  lens  through  a 
pharmacologically  dilated  pupil  with  grading  of  opacities  using  predetermined  criteria  is 
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the  method  used  in  clinical  ophthalmology.  For  research  purposes,  it  requires  the  use  of  a 
masked  examiner  and  suffers  from  problems  with  sensitivity  and  reproducibility. 
Scheimpflug  photography  uses  a  special  slit  lamp  camera  with  the  illumination  source  and 
camera  45  degrees  apart  to  obtain  standardized  images  of  the  lens.  These  images  may  be 
scanned  on  a  densitometer  or  computer  to  yield  a  quantitative  measure  of  lens  opacity. 
This  device  is  expensive  and  not  widely  available.  A  modem  adaptation  of  this  principle  is 
called  the  Anterior  Eye  Segment  Analysis  System  (Nidek). 

Another  device  which  can  be  used  to  measure  lens  pathology  is  the  Opacity  Lensmeter 
(Interzeag).  Operating  on  the  principle  of  backscatter  from  an  infrared  laser  diode,  this 
device  is  especially  suited  for  measurement  of  anterior  lens  opacities. 

Confocal  Microscopy:  This  technique  uses  a  confocal  optical  system  to  examine 

histology  of  the  cornea  and  conjunctiva  in  vivo.  It  is  particularly  well  suited  for 
observation  of  comeal  epithelium,  endothelium,  and  stromal  keratocytes.  Currently,  these 
systems  are  not  widely  available  outside  ophthalmic  research  laboratories. 

Ophthalmic  Pathology:  Histopathologic  examination  of  exposed  tissue  can  provide 

vaJuable  information  on  cellular  and  histologic  sequelae  of  millimeter  wave  exposure.  It 
suffers  from  the  requirement  for  sacrifice  of  a  large  number  of  expensive  subjects  to  fully 
assess  the  course  of  damage  induction  and  repair. 

Summary:  With  the  increasing  power  output  and  widespread  use  of  millimeter  wave 

devices,  safety  concerns  have  grovm.  Ocular  bioeffects,  predominantly  in  the  anterior 
segment,  have  not  been  well  characterized.  New  and  existing  ophthalmic  technologies  will 
be  utilized  to  characterize  these  effects  and  develop  rational  safety  standards. 
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MILLIMETER  WAVES  AND  NEURONAL  MEMBRANES:  BIOEFFECTS  AND 

MECHANISMS 

S.I.  Alekseev  and  M.C.  Ziskin 

Center  for  Biomedical  Physics 
Temple  University  Medical  School/  Philadelphia/  PA  19140 

Millimeter  waves  are  widely  used  in  the  former  Soviet  Union 
for  therapeutic  treatment  [Vetkin/  1991] .  In  most  cases  the 
optimum  modes  of  irradiation  were  determined  empirically  in  a 
hospital  environment.  However/  the  primary  mechanisms  of  the 
biological  effects  of  mm-waves  have  been  insufficiently  studied. 

Millimeter  waves  are  totally  absorbed  within  1  mm  in  the 
superficial  layers  of  the  skin  [Gandhi/  1983] .  Therefore  the 
primary  effect  of  mm“waves  is  limited  to  an  interaction  with 
structures  located  within  the  skin/  such  as  receptors/  nerve 
endings /  and  immunocompetent  cells.  Recent  data  have  demonstrated 
that  exposure  potentiates  the  immune  system  of  mammals  [Rojavin 
et  al./  1997].  This  effect  may  involve  two  mechanisms.  Exposure 
may  affect  the  immune  system  either  directly  or  indirectly  via 
the  nervous  system/  as  the  immune  and  nervous  systems  are  closely 
related  to  each  other  [see/  i.e.  Rabin  et  al./  1989;  Hosoi  et  al. 
1993] .  To  study  the  effects  of  mm-waves  on  receptors  and  nerve 
endings /  we  selected  nerve  cells  of  the  mollusc  Lymnaea  stagnalis 
to  be  used  as  a  natural  model.  Pacemaker  neurons  of  this  mollusc 
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have  been  widely  used  in  experiments  with  microwave  irradiation 
[Bolshakov  and  Alekseev,  1987;  1992;  Alekseev  etal.,  1997]. 

METHOD 

Experiments  were  conducted  using  pacemaker  neuron  BP-4 
[Zherelova,  1971]  of  the  large  parietal  ganglia  of  the  mollusc 
Lymnaea  stagnalis.  The  firing  rate  of  the  neurons  was  recorded 
using  a  conventional  microelectrode  technique  [Purves,  1981] . 

The  cells  were  irradiated  with  continuous  mm-waves  at 
frequencies  of  61.22  and  75.00  GHz.  The  open  end  of  a  rectangular 
waveguide  with  a  3.6  x  1.8  mm  cross-section  was  covered  with  a 
thin  waterproof  Teflon  film  and  served  as  an  irradiator.  It  was 
inserted  into  the  solution  close  to  the  neuron  studied.  The 
absorbed  energy  of  the  mm-wave  irradiation  was  evaluated  by 
measuring  the  specific  absorption  rate  (SAR)  in  the  0.1  mm  thick 
layer  of  solution  closest  to  the  waveguide  outlet  [Alekseev  and 
Ziskin,  1995] .  SARs  were  within  the  range  of  0-4200  W/kg  which 
corresponded  to  temperature  rises  of  0  -  2.2°C.  Measurements  of 
the  firing  rate  were  conducted  at  18°C.  When  studying  the  thermal 
reactions  of  the  nerve  cells,  the  desired  temperature  rise  rate 
was  achieved  by  carefully  controlling  the  temperature  and  flow 
rate  of  the  heated  solution  through  the  chamber. 
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RESULTS  AND  DISCUSSION 

Effects  of  im-waves 

The  BP-4  neuron  generates  a  steady  spontaneous  firing  rate 
under  normal  physiological  conditions.  Millimeter  wave  exposure 
causes  changes  in  the  firing  rate  of  this  neuron.  Immediately 
after  the  switching  on  of  irradiation  we  observed  a  transient 
decrease  in  the  firing  rate  (Fig.  1).  The  transient  inhibition 
becomes  more  pronounced  with  increasing  the  output  power  or  SAR 
[Alekseev  et  al.,  1997].  At  higher  levels  of  SAR  (4200  W/kg) , 
pacemaker  generation  in  some  neurons  was  stopped  completely.  For 
a  longer  period  of  irradiation  the  transient  decrease  was 
followed  by  slower  increase  in  the  firing  rate  to  a  new  stable 
level  (Fig.  2) .  On  the  average,  exposures  with  an  SAR  of  4200 
W/kg  caused  a  transient  inhibition  of  the  firing  rate  by  69  ±  22% 
(n  =  23)  and  steady-state  increase  in  the  firing  rate  by  68  ±  21% 
(n  =  9) .  These  effects  did  not  reveal  the  frequency  dependence 
for  two  frequencies  that  we  used  (61.22  and  75  GHz) .  As  can  be 
seen  in  Fig. 2,  the  transient  decrease  in  the  firing  rate 
developed  within  the  first  10  s  of  irradiation.  The  rising  phase 
was  well  fitted  by  an  exponential  with  a  time  constant  of  t  =  3.7 
±  1.9  min  (n  =  7) .  When  the  irradiation  was  turned  off, 
reversible  changes  in  the  firing  rate  were  observed. 

A  possible  explanation  for  the  transient  decrease  in  the 
firing  rate  is  a  hyperpolarization  of  the  neuronal  membrane  due 
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to  an  increase  in  the  activity  of  the  sodium  pump.  In  the 
presence  of  ouabain,  a  relatively  specific  inhibitor  for  the 
sodium  pump  [Willis  et  al.,  1974],  the  neuronal  membrane  was 
depolarized  by  6±2  mV.  The  spontaneous  firing  rate  increased 
almost  two  times.  The  transient  response  of  the  neuron  to  mm-wave 
irradiation  disappeared  entirely.  These  results  suggest  that  an 
electrogenic  sodium  pump  is  responsible  for  the  transient 
decrease  of  the  firing  rate  during  mm-wave  irradiation. 

Irradiation  produced  a  temperature  rise  in  the  medium.  We 
tried  to  reproduce  the  temperature  effect  of  irradiation  by 
simple  warming  to  produce  a  temperature  rise  of  2°C  at  a 
temperature  rise  rate  of  0.96Vs.  This  corresponds  to  an  SAR  of 
4030  W/kg.  The  transient  decrease  in  the  firing  rate  of  neurons 
in  these  experiments  was  72±15%  (n  =  8) .  The  steady-state  level 
of  the  firing  rate  increase  was  60±20%  (n  =  8) .  The  results  are 
in  agreement  with  the  mm-wave  exposure  data.  Thus,  the  effect  of 
mm-waves  is  qualitatively  and  quantitatively  equivalent  to 
warming  of  the  neurons.  The  thermal  mechanism  seems  to  be  main 
cause  of  the  effects  of  millimeter  waves  on  the  firing  rate  of 
the  neurons  studied. 

The  rate  of  temperature  rise  was  critical  for  reproducing 
the  transient  response  of  the  neuron.  In  a  study  of  the  threshold 
sensitivities  of  the  neuron  to  heating,  the  temperature  was 
increased  to  0.3  °C  at  different  rates.  The  minimal  temperature 
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rise  rate  for  observing  the  transient  response  was  0.0025  °C/s. 
The  statistically  reliable  decrease  in  the  firing  rate  was 
recorded  at  a  3%  level.  In  hiamans,  the  threshold  stimulus  is 
0.001  °C/s  for  warmth  and  0.004  °C/s  for  cold  receptors  [Iggo  A, 
1962] .  It  is  obvious  that  the  thermal  sensitivity  of  the  mollusc 
neuron  is  within  the  range  of  the  thermal  sensitivity  of  human 
thermoreceptors . 

Modeling  the  changes  in  the  firing  rate 

( 

As  most  experiments  are  time  consuming,  we  tried  to  predict 
some  effects  using  a  model.  It  was  shown  that  the  spontaneous 
firing  rate  of  molluscan  pacemaker  neurons  is  a  direct  function 
of  membrane  potential  [Willis  et  al.,  1974]  which  results  mainly 
from  a  sum  of  two  potentials  produced  by  the  passive  ion 
transport  system  and  electrogenic  Na-pump  [Marmor  and  Gorman, 
1970] .  Warming  results  in  an  increase  of  the  activity  of  the  Na- 
pump  hyperpolarizing  the  membrane  [Carpenter,  1981;  Carpenter  and 
Alving,  1968] .  The  time  constant  of  this  process  estimated  from 
our  data  and  the  data  by  Carpenter  and  Alving  [1968]  is  about  6 
s .  The  component  of  the  membrane  potential  dependent  upon  ionic 
gradients  and  permeabilities  can  be  determined  primarily  by  the 
ratio  Pwa/PK  [Gorman  and  Marmor,  1970;  Moreton,  1968] .  On  warming, 
this  component  produces  depolarization  of  the  membrane  because  of 
an  increase  of  the  ratio  PKa/^K*  The  time  constant  for 
depolarization  of  the  neuron  or  increase  in  the  firing  rate  was 
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calculated  as  3.7  min.  Difference  in  the  rates  of 
hyperpolarization  and  depolarization  is  a  main  cause  of  the 
biphasic  changes  in  the  firing  rate  (Fig.  3) .  If  the  time 
constant  of  the  temperature  rise  exceeds  the  time  constant  for 
thermal  depolarization  of  the  neuron  due  to  the  ionic  component, 
we  can  expect  only  an  increase  in  the  firing  rate  without  the 
appearance  of  the  transient  response.  This  was  confirmed  in  the 
experiment  with  a  very  slow  temperature  rise.  When  the  time 
constant  of  the  temperature  rise  is  smaller  than  that  of  the 
thermal  depolarization,  then  the  initial  hyperpolarization  of  the 
membrane  due  to  increase  in  the  activity  of  Na—pump  dominates 
over  depolarization  giving  rise  to  the  initial  transient 
inhibition  of  the  firing  rate. 

The  changes  in  the  firing  rate  during  irradiation  and 
warming  were  calculated  using  following  equation: 

FR(T  +  AT,t)  =  FRc(T)  -  FR^IaT,  t)  +  FRp(AT,  t)  ,  (1) 

where  FR^  (T)  is  the  firing  rate  in  control,  a  FRa(aT,  t)  and 
A  FRpCaT,  t)  are  changes  in  the  firing  rate  due  to  sodium  pump 
and  ionic  component,  respectively.  The  temperature  rise  during 
irradiation  was  simulated  using  exponential  function: 

aT  =  aT(«)  [1  -  exp(-  t/x)],  (2) 

where  aT(«>)  is  the  steady-state  temperature.  Time  constants  t 
were  calculated  following  equation  [Foster  et  al.  1978]: 

T  =  p  ,  (3) 
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where  ]i  =  pc/k  =  1000  s/cm^  for  muscle,  L  is  the  penetration 
depth.  The  penetration  depths  for  different  frequencies  were 
taken  from  Polk  [1968] . 

Our  model  reproduces  the  typical  changes  in  the  firing  rate 
during  irradiation  (Fig.  2) .  Fig.  4  shows  the  changes  in  the 
firing  rate  at  different  SARs.  In  this  study  we  generated  the 
same  steady-state  temperature  rise  of  2°C  in  every  simulation.  In 
our  model  it  was  done  by  choosing  appropriate  SARs  at  different 
frequencies.  The  dependence  of  the  magnitude  of  the  transient 
response  on  SAR  has  an  S-shape  with  midpoint  at  170  W/kg  (Fig. 

5) .  The  transient  response  reaches  maximal  value  at  2000-3000 
W/kg  and  then  does  not  depend  on  SAR. 

We  estimated  the  threshold  SARs  at  different  frequencies 
when  exposure  produces  a  3%  transient  decrease  in  the  firing  rate 
(Fig.  6) .  The  threshold  SARs  increase  with  frequency.  For 
example,  at  75  GHz  the  threshold  SAR  is  about  110  W/kg  which  is 
close  to  the  experimental  value  of  120  -  140  W/kg.  At  1  GHz  the 
threshold  SAR  is  only  9  W/kg. 

Fig. 7  shows  the  frequency  dependence  of  the  threshold 
incident  power  density  for  producing  a  3%  transient  response  of  a 
neuron.  The  threshold  curve  has  a  strong  frequency  dependence 
with  a  minimimi  (~  4  mW/cm^)  in  the  range  of  7-70  GHz.  At  constant 
level  of  the  incident  power  density  the  temperature  rise  rate 
decreases  with  decreasing  the  frequency  (<  7  GHz) .  At  higher 
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frequencies  (>70  GHz),  the  temperature  rise  rate  decreases  due  to 
decrease  in  the  steady-state  temperature  rise.  Both  these  events 
result  in  an  increase  of  the  threshold  power  densities. 

Experiments  show  that  a  temperature  increase  by  even  several 
tenths  of-  a  degree  is  capable  of  causing  recordable  changes  in 
the  firing  rate  of  pacemaker  neurons  if  the  rate  of  temperature 
rise  is  sufficiently  high.  Therefore  it  seems  likely  that  a 
temperature  rise  by  several  degrees  as  may  be  brought  about  by 
therapeutic  devices  [Betsky  et  al.,  1989]  could  produce  a  notable 
effect  on  human  thermoreceptors  and  on  other  thermosensitive 
nerve  endings  in  the  skin.  For  example,  mechanoreceptors  also 
demonstrate  a  high  thermal  sensitivity  due  to  the  presence  of  the 
Na— pump  [Pierau  et  al.,  1974]  and,  along  with  thermoreceptors, 
can  play  a  possibly  important  role  in  the  therapeutic  effects  of 
millimeter  waves. 

CONCLUSIONS 

Millimeter  wave  irradiation  caused  biphasic  changes  in  the 
firing  rate  of  mollusc  pacemaker  neurons. 

The  temperature  rise  rate  played  an  important  role  in  the 
development  of  the  transient  response  of  the  neuron. 

Millimeter  wave  irradiation,  at  commonly  used  intensities, 
is  sufficient  for  activating  thermoreceptors  and  other 
thermosensitive  nerve  endings  in  the  upper  layers  of  the  skin. 
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Fig.l.  Effect  of  rain-wave  exposure  on  the  firing  rate  at 

different  SARs  obtained  by  changing  the  source  power 
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Fig.  6.  Freguency  dependence  of  SAR  producing  a  3%  transient 
decrease  in  the  firing  rate. 
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LEGENDS 

Effect  of  mm-wave  exposure  on  the  firing  rate  at 
different  SARs  obtained  by  changing  the  source  power. 

Typical  changes  in  the  firing  rate  of  the  neuron  during 
and  after  mm-wave  irradiation  at  an  SAR  of  3150  W/kg.  The 
solid  trace  is  a  fit  of  the  model  to  the  data. 


Membrane  potential  following  sudden  temperature  increase 
from  To  to  Ti.  is  a  resting  potential,  V^^Na  is  a 
potential  change  due  to  increase  of  the  permeability  ratio 
for  sodium  and  potassium  ions  (  PNa/Px  )  /  "^pump  is  a 
potential  change  due  to  increase  of  the  activity  of  the 
Na-pump,  and  SUM  is  a  resulting  membrane  potential  change. 


Changes  of  the  firing  rate  in  response  to  exposure 
simulation  at  different  SARs  to  the  same  steady-state 
temperature  of  2°C. 


Dependence  of  the  transient  response  on  SAR.  Different 
SARs  were  obtained  using  different  frequencies  which 
generated  the  same  steady-state  temperature  of  2°C. 

Frequency  dependence  of  SAR  producing  a  3%  transient 
decrease  in  the  firing  rate. 


Frequency  dependence  of  the  incident  power  density 
producing  a  3%  transient  decrease  in  the  firing  rate. 
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DOSIMETRY  AT  MILLIMETER  WAVELENGTHS 
W.D.  Hurt^  and  P.A.Mason^ 

^Air  Force  Research  Laboratory,  Directed  Energy  Bioeffects  Division, 
Radiofrequency  Radiation  Branch,  Brooks  AFB,  TX,  78235; 

^Veridian,  Inc.,  San  Antonio,  TX,  78216 

INTRODUCTION 

Interest  remains  high  concerning  possible  health  hazards  associated  with  the  ever 
increasing  use  of  radio  frequency  (RF)  electromagnetic  (EM)  equipment  and  the  resulting 
increased  exposure  of  both  occupational  workers  and  the  general  public  to  RF  fields 
which  include  millimeter  waves.  An  essential  element  of  the  research  related  to  RF 
biological  effects  and  hazards  is  dosimetry,  the  calculation  and  measurement  of  the 
amoimt  of  energy  absorbed  as  a  result  of  exposure  to  RF  fields.  Energy  absorption  is 
expressed  in  terms  of  the  specific  absorption  rate  (SAR). 

SOURCES 

The  millimeter  (mm)  wave  sources  operated  by  the  Radiofrequency  Radiation 
Branch  (HEDR),  Directed  Energy  Bioeffects  Division,  Human  Effectiveness  Directorate, 
Air  Force  Research  Laboratory,  Brooks  Air  Force  Base,  Texas,  includes  two  35  GHz 
transmitters  and  two  94  GHz  transmitters.  One  facility  consists  of  a  75-W,  35  GHz 
transmitting  system;  a  50-W,  94  GHz  transmitting  system;  a  temperature-controlled, 
millimeter- wave  anechoic  exposure  chamber;  and  a  set  of  biconvex  dielectric  lenses  for 
collimating  the  mm  wave  energy.  The  transmitters  are  based  upon  CW  Extended 
Interaction  Oscillator  tubes.  These  transmitter-lense  combinations  can  focus  mm  waves 
to  obtain  densities  of  1  and  6  W/cm2  for  35  and  94  GHz  respectively  with  3  dB  spot  sizes 
having  a  diameter  of  approximately  2.5  cm.  [Shelton  1991]. 

The  other  35  GHz  source  is  a  GTE  Model  01-1374683-1,  Pulsed  Millimeter  Wave 
Transmitter.  This  Traveling  Wave  tube  (TWT)  amplifier  based  transmitter  also  runs  into 
a  temperature-controlled  anechoic  exposure  chamber  and  is  capable  of  an  800  W  output. 
Another  94  GHz  transmitter  has  an  output  power  of  800  W.  It  is  based  on  a  Coupled 
Cavity  TWT  amplifier  and  manufactured  by  the  North  Star  Research  Corp. 

FIELD  MEASURING 

For  free  field  measurements  we  generally  use  a  Narda  model  8700  series  radiation 
survey  system.  However  we  also  use  a  variety  of  mm  wave  horns  (pyramidal,  conical, 
and  open  ended  waveguide  by  Milltech).  The  energy  captured  by  the  horns  is  measured 
with  either  an  Hewlett-Packard  (HP)  437B  power  meter  (with  HP  R8486A  power  sensor 
for  35  GHz  and  HP  W8486A  power  sensor  for  94  GHz)  or  the  Milltech  series  DXP 
crystal  detectors.  The  crystal  detectors  are  calibrated  against  the  HP  power  meter  by 
using  Millitech  series  GDM  Gunn  Oscillators  and  calibrated  attenuators. 

During  the  past  several  years,  we  have  also  been  using  conductive  cloth  and 
infrared  (IR)  thermography  to  measure  field  distribution.  These  techniques  reveal  the 
location  and  field  pattern  before  an  object,  such  as  an  animal  holder,  is  placed  in  front  of 
the  waveguide.  The  time  required  to  map  the  field  using  either  of  these  techniques  is 
substantially  less  than  that  using  power  meters  or  crystal  detectors.  After  the  general 
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field  pattern  is  known,  power  meters  or  crystal  detectors  are  then  used  to  measure  the 
field.  After  an  object  is  placed  in  the  field,  the  cloth  and  IR  camera  have  been  useful  in 
revealing  disturbances  to  the  field  and  the  IR  camera  has  been  extremely  valuable  in 
revealing  localized  “hotspots”  on  the  skin,  presumably  resulting  from  the  animal  holder 
focusing  the  field. 


SKIN  HEATING 

Although  locating  “hotspots”  on  the  skin  can  be  accomplished  with  thermistor 
type  temperature  probes  that  use  high  resistive  leads,  the  IR  camera  is  much  more 
effective  and  convenient.  A  single  point  measurement  is  obtained  with  each  temperature 
probe,  whereas  a  256  x  256  pixel  array  denoting  temperature  is  obtained  with  each  IR 
image.  We  use  a  Radiance  1  Infrared  Camera  System  (Amber  Engineering,  Inc.,  Goleta, 
CA),  equipped  with  a  25, 50,  70,  or  250  mm  lens.  The  camera  contains  a  focal  plane 
array  composed  of 256  X  256  indium  antimonide  sensors.  Obtaining  this  array  resolution 
has  considerably  increased  the  usefulness  of  IR  camera  in  biological  research.  Knowing 
the  precise  location  of  the  temperature  increase  was  difficult  when  using  older  cameras 
having  lower  resolution.  It  would  be  difficult  to  resolve  whether  the  eye  or  the  tissue 
surrounding  the  eye  was  the  warmest.  The  IR  camera  system  is  calibrated  using  a 
Mikron  M340  black  body  calibration  source.  Using  supporting  hardware  and  software, 
images  can  be  sampled  at  a  rate  of  5  per  second.  Real-time  and  off-line  image  analysis  is 
performed  using  ImageDeskTR  and  Adobe  PhotoshopTR  software.  Real-time  image 
analysis  provides  instantaneous  feedback  as  to  the  resulting  temperature  increases. 
Exposure  parameters  may  be  subsequently  modified  to  produce  the  desired  biological 
effect.  Off-line  image  analysis  is  used  to  determine  heating  rates  as  a  function  of 
exposure  parameters.  Since  a  temperature  measurement  is  available  for  each  pixel, 
occasionally  moderate  temperature  increases  in  unexpected  locations  are  revealed.  These 
may  have  been  missed  if  only  temperature  probes  were  used.  In  addition  to  the  above 
dosimetric  techniques,  IR  thermography  has  been  recently  combined  with 
thermochemiluminescent  (TCL)  technology  to  determine  mm  wave  dosimetry  [Kiel  et  al. 
submitted].  A  rat  phantom  filled  with  diazoluminomelanin  (DALM)  has  been  used  as  a 
TCL  dosimeter  for  35  GHz  radiation.  The  temporal  and  spatial  information  provided  by 
the  TCL  technology  was  validated  by  IR  thermography. 

Observed  bioeffects  are  more  closely  related  to  tissue  temperature  than  to  the 
SAR  that  results  from  exposure  to  RF  fields.  Therefore  consideration  of  heat  flow 
characteristics  is  essential,  especially  for  mm  wave  exposures  where  most  of  the  energy  is 
absorbed  so  near  the  surface.  Under  many  circumstances,  significant  amounts  of  energy 
can  dissipate  from  areas  of  high  SAR  resulting  in  temperatures  that  may  be  much 
different  from  those  predicted  by  schemes  that  ignore  heat  flow  considerations.  For  mm 
wave  exposures,  Walters  et  al.  [submitted]  have  foimd  that  the  a  one-dimensional  thermal 
model,  based  on  the  solution  of  the  heat  conduction  equation  [Cook  1952  and  Foster  et  al. 
1978],  compares  very  well  with  measurements  of  skin  temperature  as  a  function  of  time 
for  3  second  exposures  to  94  GHz.  Dave  Nelson  [personal  communication,  Michigan 
Technological  University]  has  expanded  upon  this  modeling  by  attempting  to  extrapolate 
the  skin  heating  effects  observed  in  rodents  to  that  in  monkeys  and  man.  This  modeling 
will  incorporate  thermal  effects  due  to  variations  in  skin  blood  flow. 
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SAR  CALCULATIONS 

For  mm  wave  exposures,  the  most  practical  models  for  calculating  the  SAR 
distribution  is  the  one  dimensional  model  [Hurt  1984]  because  the  curvature  of  the  body 
can  be  neglected  for  these  high  frequencies.  When  a  planewave  is  incident  on  a  planar 
object,  the  wave  transmitted  into  the  object  attenuates  as  it  travels  and  transfers  energy  to 
the  material.  At  mm  wave  frequencies  most  of  the  energy  from  the  field  is  absorbed  near 
the  surface.  Franzen  and  Samn  [1997]  have  extended  the  model  of  a  simple  one¬ 
dimensional  monochromatic  planewave  normally  impinging  on  a  tissue  half-space  to  a 
multi-layered  tissue  model  irradiated  by  monochromatic  planewaves  at  oblique  incidence. 
This  will  allow  more  realistic  predictions  of  SAR  distributions  resulting  from  actual 
exposure  conditions. 

The  finite-difference  time-domain  (FD-TD)  method  for  EM  calculations  has 
received  wide  use  for  a  variety  of  applications  in  EM  radiation,  interaction,  and  scattering 
problems  [Kunz  and  Luebber  1993].  However  due  to  the  small  cell  size  needed  to 
perform  FD-TD  calculations  for  mm  wave  exposure  problems,  to  model  a  realistic 
scenario  would  result  in  a  prohibitively  large  program. 

CONCLUSIONS 

In  order  to  support  the  mm  wave  bioeffects  research  performed  in  HEDR,  35  and 
94  GHz  field  generating  equipment  is  available  for  use  by  the  researchers.  Various  types 
of  free  field  measurement  instrumentation  is  used  to  determine  the  incident  power  density 
for  the  different  experimental  designs.  Results  of  SAR  calculations  are  used  in  thermal 
conduction  models  to  predict  the  temperature  distribution  history  for  the  various 
experimental  setups  so  that  the  researcher  will  have  appropriate  information  needed  to 
correctly  identify  the  mechanisms  causing  the  observed  effects.  These  thermal  models 
are  confirmed  through  the  use  of  IR  thermography. 
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hold  to  the  cm  as  a  more  workable  unit 
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VARIABLES  THAT  INFLUENCE  THERMAL  SENSATION 
DERIVED  FROM  INFRARED  EXPOSURE 

Eleanor  R.  Adair 
Air  Force  Research  Laboratory 
Human  Effectiveness  Directorate 
Brooks  Air  Force  Base,  Texas,  78218 

T.  THERMAL  SENSATION 

The  past  few  years  have  seen  a  resurgence  of  interest  in  the  sensory  characteristics  that 
may  accompany  exposme  to  microwave  and  radio  frequency  energy.  This  interest  has 
been  reinforced  by  a  desire  to  better  quantify  the  biological  effects  of  human  exposure  to 
these  fields  with  the  ultimate  goal  of  basing  rational  exposure  guidelines  on  hard  data  that 
relates  to  human  beings.  At  microwave  frequencies  above  a  few  GHz,  the  energy  will  be 
deposited  principally  in  the  skin  of  the  exposed  organism,  a  situation  very  similar  to  that 
occurring  during  exposure  to  infrared  energy.  Since  we  know  a  great  deal  about  the 
variables  that  influence  the  sensory  characteristics  of  infrared  exposure,  that  knowledge 
can  be  applied  advantageously  to  the  design  and  interpretation  of  studies  involving 
microwave  exposure. 

The  temperature  sense  provides  information  to  an  organism  about  the  thermal 
characteristics  of  both  the  external  environment  and  of  the  body  itself  This  sense  is  also 
referred  to  as  thermal  sensation.  Several  early  studies  [Eijkman  and  Vendrijk,  1961; 
Hendler,  et  al.,  1963;  Justesen,  et  al.,  1983]  were  designed  to  determine  what  intensity 
levels  of  microwave  energy  were  required  to  initiate  a  just-detectable  sensation,  i.e.,  to 
stimulate  a  sensation  of  warmth.  A  recent  study  of  absolute  thresholds  of  warmth  across 
a  range  of  microwave  frequencies  [Blick,  et  al.,  1997]  appears  immediately  following  the 
present  paper  in  this  Technical  Report.  The  information  provided  through  thermal 
sensation  is  essential  to  the  effective  regulation  of  the  body  temperature,  called 
thermoregulation,  which  can  be  both  behavioral  and  autonomic.  Regardless  of  the  exact 
spatial  and  temporal  distribution  of  thermal  stimuli  that  occur  on  the  skin  surface,  thermal 
sensation  registers  “how  much”  stimulation  is  present  and  also  “how  pleasant  or 
rmpleasant”  that  stimulation  may  be.  As  we  shall  see,  the  thermal  senses  fimction  as 
thermometers  because  they  can  also  register  “what”  when  warm  or  cold  objects  are 
touched;  this  information  can  indicate  whether  substances  are  safe  to  touch  or  ingest. 
Thermal  sensation  is  essential  to  the  avoidance  of  local  skin  damage,  especially  from 
burning,  but  also  from  freezing. 

Much  neurophysiological  evidence  [cf  Hensel,  1982]  indicates  that  there  are  specialized 
receptors  residing  in  the  outer  layers  of  the  skin  that  mediate  the  temperature  sense  in 
humans  and  other  mammals.  These  include  “warm”  and  “cold”  receptors  that  respond 
respectively  to  increases  or  decreases  in  the  temperature  of  the  skin.  Other  skin  receptors 
include  nociceptors,  associated  with  pain,  and  slowly  adapting  (SA)  fibers  associated 
with  mechanical  stimulation.  Several  investigators  have  reported  the  existence  of  sensory 
spots  on  the  skin  surface  that  may  relate  to  the  location  of  sensory  nerve  endings  in  the 
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epidermal  or  dermal  layers.  When  the  skin  is  touched  with  very  small  warm  and  cold 
stimulators,  some  spots  feel  warm,  others  cold,  and  still  others  give  rise  to  no  thermal 
sensation  whatever.  Maps  of  the  skin  for  warmth  and  cold,  such  as  the  example  in  Figure 
1,  show  that  1)  warmth  and  cold  spots  are  independently  distributed,  2)  cold  spots  are  far 
more  numerous  than  warm  spots,  3)  spot  density  varies  over  the  skin  surface,  and  4)  map 
reproducibility  is  poor  even  when  charted  with  great  care.  Fvnther,  there  is  no  clear 
evidence  that  spots  mark  the  location  of  underlying  receptors  or  that  warmth  and  cold  are 
separate  sense  modalities.  Finally,  such  maps  imply  that  large  areas  are  insensitive 
(especially  to  warmth),  which  is  negated  by  thermal  stimulation  of  larger  skin  areas. 


Figure  1.  Cold  (dots)  and  warm  (circles)  spots  mapped  across  100  cm^  of  the  dorsal  side  of  the  right  human 
forearm.  Map  redrawn  from  Stmghold  and  Porz,  1931. 

n.  ASOLUTR  THRESHOLDS  AND  TRMPORAT,  SUMMATION 

One  important  question  we  can  ask  about  any  sensation  concerns  the  minimal  intensity, 
or  power  density,  that  is  necessary  to  evoke  a  just-detectable  response  such  as  “Yes,  I  feel 
it;  it  is  warm.”  This  intensity  is  defined  as  the  absolute  threshold.  For  thermal  sensation, 
the  physical  stimulus  may  be  a  change  in  skin  temperature  from  thermal  neutrality  or  as 
the  radiant  energy  impinging  on  the  skin.  Many  classical  and  modem  psychophysical 
methods  have  been  developed  to  measure  absolute  thresholds  across  the  different  sense 
modalities.  Often  the  absolute  threshold  of  a  particular  stimulus  is  measured  as  a 
function  of  the  duration  of  that  stimulus  in  order  to  determine  the  reciprocity  between 
these  two  stimulus  variables.  The  resulting  function  for  warmth  sensation  of  a  small 
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stimulus  area  (21.8  cm^)  is  shown  as  the  lower  curve  in  Figure  2  and  gives  the 
combinations  of  duration  and  infrared  power  density  that  produce  a  constant  threshold 
[Marks  and  Stevens,  1973]. 

We  can  note  two  important  features  of  this  threshold  function.  First,  the  power  density 
threshold  depends  on  stimulus  duration  almost  by  a  complete  reciprocity  up  to  a  duration 
of  1  second.  This  phenomenon  is  called  temporal  summation  and  most  of  the  human 
senses  have  been  found  to  exhibit  this  psychophysical  property.  The  duration  at  which 
this  reciprocity  comes  to  an  end  is  called  the  critical  duration,  after  which  duration  no 
longer  matters.  A  comparison  of  these  infrared  threshold  data  with  similar  threshold  data 
for  10-cm  microwaves  [Eijkman  and  Vendrik,  1961]  shows  that  the  critical  duration  is 
probably  longer  (about  2.5  seconds)  for  microwaves.  Whether  this  difference  in  critical 
duration  varies  systematically  with  frequency  is  unknown  and  awaits  further  research, 
experimentation.  But  it  is  clear  that  the  absolute  threshold  of  warmth  depends  almost  as 
much  on  how  long  the  stimulus  lasts  as  how  intense  it  is. 

It  is  also  of  interest  to  explore  how  the  magnitude  of  a  supra-threshold  sensation  varies, 
not  only  with  the  intensity  but  also  with  other  variables.  It  turns  out  that  for  infrared 
stimuli  the  rules  of  temporal  summation  change  as  the  level  of  warmth  sensation  becomes 
greater.  The  six  upper  functions  in  Figure  2  illustrate  this  effect.  To  obtain  these 
functions,  arrays  of  different  stimuli  were  presented  to  subjects  who  judged  the  perceived 
warmth  of  each  stimulus  by  the  method  of  magnitude  estimation,  hi  this  procedure,  the 
subject  is  asked  to  assign  a  number  to  each  stimulus  in  proportion  to  its  judged 
magnitude.  For  example,  a  stimulus  judged  twice  as  warm  as  a  stimulus  assigned  the 
number  5  should  be  assigned  the  number  10,  and  so  on.  Each  of  the  upper  functions 


Figxjre  2.  Combinations  of  infrared  power  density  (mW/cm^)  and  duration  (seconds)  that  produce  threshold 
warmth  and  six  constant  warmth  functions  that  vary  from  weak  to  moderate.  (Data  of  Marks  and  Stevens, 
1973) 
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in  Figure  2  represents  the  combinations  of  intensity  and  duration  that  cause  a  particular 
constant  warmth  magnitude  (T)  that  ranges  from  1  to  20.  These  functions  have  a  less 
steep  slope  as  warmth  level  increases,  indicating  that  duration  counts  less  and  less  than 
power  density.  At  the  same  time,  the  duration  over  which  temporal  summation  occurs 
becomes  longer  and  longer  (up  to  6  seconds)  as  magnitude  increases.  Marks  and  Stevens 
[1973]  pointed  out  that  this  Wdamental  effect  could  be  explained  in  terms  of  the  heat 
transfer  properties  of  the  skin. 

m  SPATTAT.  STTMMATTON  OF  WAFMTH  FOR  INFRARED  STIMULI 

Another  variable  that  influences  warmth  sensation  dramatically  is  the  areal  extent  of  the 
skin  stimulated.  In  this  case,  stimulus  duration  is  held  constant  and  the  functional 
relationship  between  areal  extent  and  intensity  are  determined  for  specific  threshold  or 
supra-threshold  sensations.  In  general,  when  an  area  of  irradiated  skin  is  made  larger  the 
sensation  induced  is  that  of  greater  warmth,  not  of  increased  apparent  area.  This 
phenomenon  is  known  as  spatial  summation.  Trading  of  area  for  intensity  varies  from 
almost  complete  reciprocity  at  the  absolute  threshold  to  no  trading  at  all  near  the 
threshold  of  thermal  pain.  Figure  3  shows  some  examples  of  how  the  absolute  threshold 
of  warmth  for  3 -second  infrared  stimuli  varies  with  the  area  stimulated.  The  two  lower 
curves  are  thresholds  for  individual  subjects,  while  the  upper  curve  is  the  geometric  mean 


Figure  3.  Spatial  summation  of  the  warmth  threshold  for  two  subjects  stimulated  with  different  areas  on  the 
skin  of  the  back  (lower  two  curves)  and  the  geometric  mean  of  these  data  (upper  curve,  right  ordinate).  The 
duration  was  3  seconds.  (Data  reproduced  from  Stevens,  Marks  and  Simonson,  1974) 
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function  for  those  two  subjects.  Clearly  there  is  complete  reciprocity  between  areal 
extent  and  power  density  at  threshold  up  to  a  critical  area  of  ~60  cm^,  after  which  area  no 
longer  matters.  In  other  words,  below  the  critical  area,  when  the  area  is  doubled  the 
intensity  may  be  approximately  halved  to  preserve  the  absolute  threshold.  Above  this 
critical  area,  spatial  summation  no  longer  occurs  and  the  threshold  depends  on  intensity 
alone.  The  area  stimulated  for  the  functions  in  Figure  3  was  the  back;  it  is  not  clear  that 
the  critical  area  would  be  the  same  for  stimulation  of  other  bodily  regions. 

At  levels  above  the  absolute  threshold,  the  area  of  skin  stimulated  can  influence  the 
magnitude  of  warmth  sensation  in  interesting  ways.  If  one  selects  a  particular  stimulus 
area  and  a  constant  stimulus  duration  for  study,  irradiated  subjects  can  use  the  method  of 
magnitude  estimation  to  judge  the  magnitude  of  the  warmth  sensation  produced  by 
different  power  densities.  The  psychophysical  functions  of  sensation  magnitude  versus 
power  density  thus  produced  are  power  functions,  which  are  rectified  when  plotted  in 
log-log  coordinates.  In  a  landmark  study,  Stevens,  et  al.  [1974]  presented  various 
intensities  of  infirared  radiation  to  6  different  skin  areas  (range  =  4.7  to  200  cm^)  on  the 
back.  Subjects  were  instructed  to  assign  numbers  to  represent  the  apparent  magnitude  of 
each  warmth  sensation  experienced  during  3-second  exposures.  In  general,  the  subjects 
reported  that  they  were  unaware  that  the  area  of  stimulation  varied.  The  resulting  data 
from  this  study  are  reproduced  in  Figure  4,  which  shows  how  warmth  grows  as  a  function 


Figure  4.  A  family  of  psychophysical  functions  for  subjective  warmth  as  a  function  of  power  density  (at  6 
different  areas  and  a  constant  duration  of  3  seconds).  The  stimulus  was  infrared  irradiation  of  the  back 
skin.  Extrapolations  of  the  functions  intersect  at  the  threshold  of  pain.  (Data  of  Stevens,  Marks  and 
Simonson,  1974) 

of  power  density  for  each  areal  extent  explored.  Several  conclusions  may  be  drawn  from 
these  data:  1)  the  functions  are  approximately  linear  in  log-log  coordinates  and  thus  obey 
the  power  law  of  S.S.  Stevens  [1961];  2)  the  slope  of  the  function  is  greatest  for  small 
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stimulus  areas  and  decreases  as  area  becomes  larger;  3)  for  any  given  power  density,  the 
larger  the  area  the  greater  the  warmth  sensation;  and  4)  the  functions  converge  at  a  high 
intensity  of  ~  1000  mW/cm^,  which  approximates  the  threshold  of  pain.  This  latter 
conclusion  is  extremely  interesting  and  reinforces  the  basic  fact  that  thermal  pain  does 
not  exhibit  spatial  summation  at  threshold  [Green  and  Hardy,  1958].  It  is  fairly  certain 
that  the  convergence  point  will  depend  on  the  stimulus  duration  as  well  as  the  part  of  the 
body  stimulated.  However,  studies  such  as  this  have  allowed  Stevens  [1991]  to  formulate 
a  general  principle  of  thermal  sensibility,  namely  that  rich  spatial  summation  always 
occurs  near  the  warmth  threshold  but  declines  gradually  to  zero  summation  at  the 
threshold  of  pain.  Thus,  the  warmth  sense  functions  to  allow  a  compromise  between  two 
basic  biological  needs:  1)  the  necessary  assessment  of  weak  heating  over  large  segments 
of  the  body  as  an  aid  to  thermoregulation,  and  2)  the  sharpening  of  acuity  or  localization 
of  strong  thermal  stimuli  to  increase  .the  probability  of  avoiding  injury. 

TV.  l^RGTONAT.  SENSTTTVTTY  OF  WARMTH  TO  INFRARED  STIMULATION 

It  has  been  known  for  a  long  time  that  certain  body  sites  are  much  more  sensitive  to 
thermal  stimulation  than  are  others.  The  early  data,  consisting  of  spot  mapping,  assorted 
thresholds,  etc.,  were  insufficient  to  allow  generalization  and  quantification  of  the 
phenomenon.  Recent  studies  of  regional  sensitivity  to  warmth  have  employed  the 
method  of  magnitude  estimation  and  other  scaling  techniques  that  provide  a  more 
comprehensive  and  functional  assessment.  Stevens  et  al.  [1974]  generated 
psychophysical  functions  for  graded  sets  of  supra-threshold  warmth  stimuli  applied  to 


Figure  5.  The  10  body  sites  explored  for  thermal  sensitivity  by  Stevens,  Marks  and  Simonson  (1974) 
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each  of  10  sites  on  the  body,  depicted  in  Figure  5.  Although  many  combinations  of  areal 
extent  and  power  density  were  explored  in  several  experiments,  a  particular  area  (22  cm^) 
was  common  to  all  10  sites  and  was  used  to  compare  regional  sensitivity  across  the  body 
surface.  For  each  site,  a  psychophysical  function  relating  estimated  warmth  to  power 
density  for  3-second  infrared  stimuli  was  determined  for  a  group  of  subjects.  These 
functions  were  then  plotted  together  in  log-log  coordinates  and  the  array  appeared 
somewhat  fan-shaped,  like  the  functions  in  Figure  4.  It  was  then  possible  to  estimate  the 
power  density  that  produced  the  same  level  of  warmth  sensation  across  all  sites.  In 
practice,  this  involved  making  horizontal  cuts  across  the  array  of  functions  at  specific 
warmth  levels. 

Figure  6  shows  the  resulting  set  of  “equal  warmth”  contours  for  the  10  body  sites,  which 
are  arranged  from  most  sensitive  (forehead)  to  least  sensitive  (calf).  The  6  levels  of 
warmth  sensation  range  from  weak  (close  to  absolute  threshold)  to  strong  (close  to  the 
pain  threshold).  At  the  lowest  warmth  level,  the  10  regions  differ  significantly  in 
sensitivity,  with  head  regions  more  sensitive  than  trunk  regions,  which  are  in  turn  more 
sensitive  than  the  extremities.  The  figure  also  shows  that  the  contours  become  flatter  as 
warmth  becomes  stronger  until,  close  to  the  threshold  of  pain,  all  regions  have  a  similar 
thermal  sensitivity. 


Figxire  6.  The  infrared  power  density  required  to  produce  the  same  levels  of  warmth  sensation  at  10  sites 
across  the  human  skin.  Stimulus  area  was  constant  at  22  cm^  and  duration  of  stimulation  was  3  seconds. 
As  the  level  of  warmth  increases,  the  contours  flatten  out.  (Data  of  Stevens,  Marks  and  Simonson,  1974). 

It  should  be  noted  that  the  contours  presented  in  Figure  6  apply  only  to  a  stimulus  area  of 
22  cm^  and  a  brief  stimulus  duration  of  3  seconds.  Other  areas  and  diuations  would 
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undoubtedly  produce  different  set  of  contours  but  might  not  alter  the  relative  sensitivity 
of  the  different  body  regions,  especially  close  to  threshold. 

V.  CONCLUSIONS 

The  above  description  of  some  of  the  parameters  that  influence  the  perception  of 
cutaneous  warmth  aroused  by  infrared  irradiation  is  meant  only  as  an  introduction  to  the 
subject.  Many  other  factors  such  as  age,  sex,  fitness,  and  body  dimensions  will  also  play 
complex  roles  in  thermal  sensitivity,  as  will  adaptation,  which  occurs  over  longer  periods 
of  stimulation.  The  paper  is  intended  only  as  a  guide  to  some  of  the  most  relevant 
parameters  that  may  influence  comparable  warmth  perception  in  the  presence  of 
microwave  irradiation  of  the  skin,  especially  at  millimeter  wave  frequencies.  Several 
general  conclusions  may  well  apply  to  warmth  sensations  aroused  by  millimeter  waves. 
These  are  as  follows: 

•  For  warmth  sensation  derived  from  near  and  far  infrared  stimuli,  an  absolute 
threshold  of  sensation  can  be  determined. 

•  Both  temporal  and  spatial  summation  characterize  the  absolute  threshold  of  warmth. 

•  Threshold  and  supra-threshold  warmth  sensation  varies  in  orderly  fashion  with  power 
density,  areal  extent,  and  duration  of  stimulation. 

•  Warmth  grows  as  a  power  ftmction  of  intensity,  at  a  rate  that  depends  on  stimulus 
area  and/or  duration.  Warmth  functions  converge  at  the  threshold  of  pain  at  which 
there  is  a  lack  of  spatial  smnmation. 

•  Different  body  regions  vary  in  their  sensitivity  to  warmth,  with  the  face  being  the 
most  sensitive  and  the  limbs  the  least  sensitive. 
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We  measured  thresholds  for  microwave-evoked  skin  sensations  of  warmth  at.  frequencies  of  2.45, 
7  5  To  35  and  94  GHz.  In  the  same  subjects,  thresholds  of  warmth  evoked  by  infrared  radiation 
flR'l  were  also  measured  for  comparison.  Detection  thresholds  were  measured  on  the  skin  in  the 
Sk  of  Tb^ck  i.  15  .dull  m.l.  hum..  =1  .11  -nicb>w.„  (MW)  Mu.nc.e, 

IR  Long  duration  (10-s),  large  area  (327-cm')  stimuli  were  used  to  minimize  any  differenual  effects  of 
temporaf  or  spatial  summation.  Sensitivity  increased  monotonically  with  frequency  throughout  the  range 
of  rcrowave  fiequencies  tested.  The  threshold  at  94  GHz  (4.5  ±  0.6  mW/cm ) 
of  magnitude  less  than  at  2.45  GHz  (63.1  ±  6.7  mW/cm’),  and  it  was  comparable  to  the  threshoUJ  for 
IR  (5.34  ±  1.07  mW/cm^).  Bioelectrormgnetics  18:403-409,  1997.  ©  1997  Wiley-Liss.  Inc. 
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INTRODUCTION 

The  sensations  evoked  by  electromagnetic  radia¬ 
tion  with  wavelengths  in  the  millimeter  to  meter  range, 
i.e.,  microwaves  (MW),  are  of  interest  from  both  practi¬ 
cal  and  scientific  standpoints.  From  the  practical  stand¬ 
point,  the  recent  proliferation  of  industrial  and  military 
devices  capable  of  generating  strong  MW  fields  in  the 
vicinity  of  human  operators  raises  numerous  safety  is¬ 
sues.  It  would  be  useful  to  know,  over  the  wide  range 
of  frequencies  used  in  various  devices,  at  what  field 
intensity  the  MW  field  becomes  perceptible  and  how 
these  detection  thresholds  relate  to  safety  standards  that 
govern  permissible  exposures. 

Many  researchers  have  addressed  these  questions 
[Stevens,  1983;  Vendrik  and  Vos,  1958;  Osepchuk, 
1983;  Justesen,  1988;  Justesen  et  al.  1982;  Michaelson, 
1972;  Hendler,  1968].  However,  experiments  measur¬ 
ing  detection  thresholds  in  human  subjects  are  rela¬ 
tively  few;  they  were  conducted  10  to  35  years  ago  and 
were  not  standardized  with  regard  to  such  important 
independent  variables  as  field  characteristics  (fre¬ 
quency,  polarization,  mode,  etc.),  exposure  duration, 
and  areal  extent  or  locus  of  stimulus  application.  The 
existing  data,  covering  a  frequency  range  from  2.45  to 
10.0  GHz,  indicate  that  skin  sensitivity  to  MW  radia¬ 
tion  increases  with  frequency.  The  proportion  of  the 
MW  energy  that  is  deposited  superficially,  at  or  near 


the  skin  receptors  that  respond  to  warmth,  also  in¬ 
creases  with  frequency.  It  is  therefore  reasonable  to 
expect  that  higher  frequencies  would  be  more  efficient 
at  stimulating  these  receptors.  Low  frequencies,  on  the 
other  hand,  may  be  so  inefficient  in  stimulating  the 
skin  that  dangerous  quantities  may  be  absorbed  before 
any  basis  for  an  avoidance  response  is  perceptible 
[Justesen,  1988]. 

Our  study  extended  the  MW  frequency  range  for 
which  human  detection  threshold  data  were  available 
by  comparing  sensitivity  to  five  different  MW  frequen¬ 
cies  in  the  same  group  of  observers.  A  standardized 
exposure  protocol  was  used  for  all  frequencies,  includ¬ 
ing  infrared  (IR).  Based  on  his  review  of  the  literature 
on  warmth  sensations  evoked  in  the  skin  by  IR,  Stevens 
[1983]  pointed  out  that  the  stimulus  determinants  of  the 
warmth  sensation  are  complex.  The  detection  threshold 
depends  not  only  on  power  density,  but  also  on  the 
duration,  areal  extent,  and  bodily  locus  of  stimulation. 
For  comparisons  of  sensitivity  across  a  wide  range  of 
frequencies  to  be  valid,  it  is  important  that  the  exposure 
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protocol  minimize  the  risk  of  interactions  between 
stimulus  frequency  and  other  stimulus  parameters,  such 
as  duration,  area,  and  bodily  locus  of  stimulation. 

The  temporal  resolution  of  the  sensory  system  for 
pure  sensations  of  warmth  evoked  by  IR  (or  presumably 
by  MW)  is  rather  limited,  i.e.,  very  brief  exposures  and 
rapid  or  small  fluctuations  in  incident  energy  tend  not  to 
be  detected.  As  a  result,  duration  and  intensity  can  trade 
off  for  one  another  over  a  substantial  range  to  reach  the 
detection  threshold.  When  stimulus  duration  is  shorter 
than  some  “critical  duration,”  which  for  IR  may  be  as 
long  as  a  second  or  more  [Stevens,  1983],  there  is  a 
reciprocal  relationship  between  the  power  density  and  the 
duration  of  a  stimulus  that  just  reaches  the  threshold  for 
warmth  detection.  For  durations  shorter  than  the  critical 
duration,  “temporal  summation”  is  said  to  dccur.  At  the 
critical  duration,  the  threshold  power  density  reaches  an 
asymptotically  low  level  that  is  constant  for  longer  dura¬ 
tions.  Eijkman  and  Vendrik  [1961]  showed  that  the  criti¬ 
cal  duration  for  3.0  GHz  MW  stimulation  on  the  forearm 
was  about  3  s.  Because  differences  in  critical  duration  as 
a  function  of  wavelength  could  contaminate  sensitivity 
comparisons,  we  chose  a  stimulus  duration  (10  s)  for 
these  experiments  that  was  longer  than  any  expected  criti¬ 
cal  duration. 

The  warmth  sense  is  also  relatively  insensitive  to 
the  fine  spatial  details  of  stimuli,  compared  with  the 
senses  of  vision  and  touch,  for  example.  Over  fairly 
large  areas,  the  details  of  input  energy  distribution  (e.g., 
size,  number,  or  location  of  stimulated  spots)  are  indis- 
criminable,  as  long  as  the  total  energy  delivered  within 
the  area  is  the  same.  This  lack  of  spatial  acuity  implies 
extensive  “spatial  summation,”  so  that  the  area  and 
intensity  of  stimuli  at  the  detection  threshold  vary  re¬ 
ciprocally,  up  to  some  critical  area.  For  IR,  Stevens 
[1983]  reported  that  the  critical  area  may  be  60  cm^  or 
more,  depending  on  bodily  locus.  Because  the  area 
within  which  summation  occurs  could  vary  with  the 
frequency  of  the  MW  stimulus,  we  chose  an  area 
(327  cm^)  that  should  be  larger  than  any  critical  area 
likely  to  be  found  for  MW-induced  warmth  detection. 

The  middle  of  the  back  was  selected  as  a  stimulus 
locus  where  we  could  stimulate  such  a  large  area  of 
relatively  homogenous  skin.  Warmth  sensitivity  at  this 
site  is  near  the  middle  of  the  range  for  different  body 
sites.  Stevens  et  al.  [1974]  examined  warmth  sensitivity  to 
IR  at  10  different  sites,  and  found  that  facial  areas  were 
the  most  sensitive,  followed  by  sites  on  the  trunk,  whereas 
areas  on  the  limbs  were  among  the  least  sensitive. 

METHODS 

Subjects 

The  subjects  were  15  male  Caucasian  volunteers 
(age,  45.2  ±  6.0  years;  height,  182.3  ±  5.6  cm;  weight. 


83.9  ±  11.1  kg.).  Ail  were  employed  at  Brooks  AFB, 
as  military  or  civilian  Department  of  Defense  personnel 
or  contractors.  Written  informed  consent  was  obtained 
from  each  subject  before  testing  began.  Each  subject 
was  tested  at  all  frequencies.  The  use  of  human  subjects 
in  this  research  was  in  accordance  with  a  protocol  ap¬ 
proved  by  the  institutional  committee  on  human  use 
(Armstrong  Laboratory  Advisory  Committee  on  Hu¬ 
man  Experimentation),  and  by  the  Office  of  the  Sur¬ 
geon  General  of  the  Air  Force. 

Stimulus  Sources  and  Calibration 

Separate  transmitters  were  used  to  generate  MW 
at  frequencies  of  2.45,  7.5,  10.0,  35,  and  94  GHz.  For 
each  transmitter/antenna  combination,  subjects  were 
exposed  in  the  E  orientation  (long  axis  of  subject  paral¬ 
lel  to  E-vector  of  electromagnetic  field)  in  the  far  field 
of  the  antenna.  Field  intensities  (mW/cm^)  were  mea¬ 
sured  and  averaged  for  25  locatioris  in  the  area  stimu¬ 
lated  (327  cm^);  we  used  Narda  probes  calibrated  for 
each  transmitter  frequency  to  derive  a  conversion  factor 
(mW/cm^AVfwd.pwr.)  for  each  testing  situation.  The  char¬ 
acteristics  of  each  transmitter,  and  the  probes  and  me¬ 
ters  used  for  dosimetry  with  each,  are  summarized  in 
Table  1. 

The  source  of  IR  stimulation  consisted  of  two,  T- 
3  quartz  lamps  (40.6  cm  long)  mounted  vertically  in 
front  of  stainless  steel  parabolic  reflectors.  The  lamps 
and  reflectors  were  mounted  on  a  hydraulically  oper¬ 
ated  slide,  which  allowed  the  lamps  to  be  positioned 
between  20  and  70  cm  from  the  back  of  the  subject. 
A  hydraulically  operated  shutter,  consisting  of  two  par¬ 
allel  stainless  steel  plates  with  a  1-cm  air  gap  between 
them,  was  interposed  between  the  subject  and  the  heat 
lamps,  except  during  exposures.  Field  intensity  was 
calibrated  with  a  radiometer  [Su  and  Berglund,  1987] 
located  at  the  center  of  the  exposed  area.  A  cutoff  filter 
(longwave  pass  with  cutoff  at  850  nm;  stock  #32769, 
Edmund  Scientific,  Barrington,  NJ)  was  used  to  avoid 
contamination  of  the  IR  radiometric  measurements  by 
energy  emitted  from  the  heat  lamps  in  the  visible  wave¬ 
length  range. 

Because  the  heat  lamps  were  operated  at  rela¬ 
tively  low  color  temperatures,  it  was  deemed  unneces¬ 
sary  to  blacken  the  skin  in  the  exposure  area.  Hendler 
and  Hardy  [1960]  saw  “no  essential  differences”  for 
blackened  or  unblackened  skin  in  detection  thresholds 
to  near  IR  on  the  forehead.  Their  stimulus  contained  a 
range  of  wavelengths  (2  to  30  pm,  peak  at  5  pm,  color 
temperature  245  °C)  in  which  human  skin  acts  essen¬ 
tially  as  a  black  body  (reflectance  well  below  5%).  In 
contrast,  skin  reflectance  rises  to  near  70%  for  wave¬ 
lengths  in  the  long  end  (0.7  pm)  of  the  visible  spectrum 
[Hendler  and  Hardy,  I960].  The  small  component  of 
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TABLE  1.  Microwave  Exposure  and  Dosimetry  Apparatus 
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our  lamps’  output  in  the  visible  wavelengths  (less  than 
1%  at  the  lowest  lamp  voltage  to  at  most  3—5%  at  the 
highest  voltage)  would  thus  cause  the  threshold  to  be 
underestimated  by  at  most  1  —2%  in  the  least  sensitive 
subjects  and  by  far  less  than  1%  in  the  most  sensitive 
subjects. 

Calibration  of  the  IR  stimulus  was  achieved  in 
the  following  manner:  First,  a  variable  transformer  was 
set  at  the  lowest  lamp  voltage  that  would  produce  30 
mW/cm^  at  the  radiometer  with  the  lamps  in  the  closest 
position.  Then,  lamp  position  settings  were  determined 
that  would  produce  2  mW/cm*  steps  down  from  the 
maximum  at  this  voltage.  When  the  range  of  movement 
was  exhausted,  the  lamps  were  again  moved  to  the 
nearest  position,  and  a  lower  voltage  was  selected  to 
provide  an  iiradiance  of  20  mW/cm  .  A  set  of  position 
settings  was  then  determined  for  1  mW/cm^  downward 
steps  at  this  voltage.  Finally,  with  the  lamps  at  the 
most  distant  position,  the  voltage  was  set  to  produce 
1  mW/cm^  at  the  radiometer,  and  positions  for  1  mW/cmr 
steps  up  from  this  irradiance  were  determined.  With 
three  lamp  voltages  and  the  various  lamp  positionings, 
we  could  present  IR  stimuli  to  the  subjects  backs  vary¬ 
ing  from  0  to  20  mW/cm^  in  1  mW/cm^  steps,  or  from 
0  to  30  mW/cm^  in  2  mW/cm^  steps.  The  highest  lamp 
voltage  used  was  less  than  50%  of  the  rated  voltage 
for  the  lamps;  only  a  few  subjects  required  stimuli 
intense  enough  for  this  voltage  to  be  used. 

Psychophysical  Technique 

A  modified  staircase  procedure  [Simpson,  1989; 
Comsweet,  1962]  was  used  to  determine  the  threshold 
for  the  detection  of  a  warmth  sensation  at  each  fre¬ 
quency  tested.  At  each  frequency,  a  set  of  20  equally 
spaced  stimulus-intensity  levels  was  selected,  so  that 
the  lowest  intensity  was  below  threshold  for  the  most 
sensitive  subject  and  the  highest  was  above  threshold 
for  the  least  sensitive.  The  stimulus  intensity  presented 
on  each  trial  was  selected  randomly  from  one  of  two 
concurrently  operating  step  series  of  stimuli.  This  pro¬ 
cedure  made  the  intensity  of  the  next  stimulus  unpre¬ 
dictable  to  the  subject. 

The  step  method  [Simpson,  1989]  is  a  variant  of 
older,  adaptive  staircase  methods.  It  is  an  efficient 
means  to  determine  sensory  threshold  values,  because 
it  concentrates  stimulus  presentations  in  the  region  of 
the  threshold  so  that  each  presentation  (after  a  brief 
initial  period  of  “homing  in’’)  provides  maximal  infor¬ 
mation  regarding  the  threshold.  Within  each  step  series, 
the  stimulus  level  in  each  trial  depended  on  the  re¬ 
sponses  in  previous  trials.  At  a  given  stimulus  level, 
two  consecutive  “yes’’  responses  (indicating  that  the 
subject  felt  warming  from  the  exposure  in  that  trial) 
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produced  a  reduction  in  intensity  for  the  next  presenta¬ 
tion  from  that  series.  A  “no”  response  (the  subject  did 
not  detect  warming)  produced  an  increase  of  intensity 
in  the  next  trial. 

Within  30  trials,  the  two  series  of  steps  tended 
to  converge  on  a  stimulus  level  that  evoked  “yes” 
responses  two-thirds  of  the  time.  When  the  responses 
from  the  two  series  were  combined,  the  relative  fre¬ 
quency  of  “yes”  responses  increased  monotonically 
with  intensity,  and  the  66.7%  “yes”  point  was  readily 
determined  by  linear  interpolation  between  the  two  in¬ 
tensities  that  bracketed  this  point.  The  interpolated 
value  was  recorded  as  the  threshold  for  that  subject  at 
that  stimulus  frequency.  Due  to  the  statistical  nature 
of  the  process,  this  threshold  value  corresponds  to  the 
70.7%  probability  of  a  “yes”  response  on  a  standard 
psychometric  function  [Wetherill  and  Levitt,  1965]. 
Whereas  this  procedure  would  yield  slightly  higher 
threshold  estimates  than  those  based  on  a  50%  “yes” 
criterion,  the  objective  of  comparing  sensitivity  across 
frequencies  is  unaffected,  because  the  criterion  was 
uniform  across  frequencies.  Although  a  more  rigorous, 
forced-choice  psychophysical  procedure  might  have  re¬ 
duced  subject-to-subject  variability  in  thresholds  intro¬ 
duced  by  individual  response  biases,  there  was  no  rea¬ 
son  to  expect  that  subjects’  response  biases  would  vary 
systematically  with  stimulus  frequency.  Because  the 
main  concern  was  variation  in  threshold  as  a  function 
of  frequency,  the  more  time-efficient  method  was 
adopted  to  reduce  the  demands  made  on  the  time  of 
the  subjects. 

Procedures 

Each  subject  was  asked  to  strip  to  the  waist  and 
remove  metallic  items  (belt  buckles,  jewelry,  and 
pocket  contents).  The  subject  was  then  seated  in  a  small 
(approximately  90  x  90  X  180  cm)  testing  chamber 
that  was  constructed  from  sheets  of  polystyrene  foam 
5  cm  thick.  This  chamber  was  placed  within  a  larger 
anechoic  chamber.  The  subject’s  back  was  exposed  to 
MW  or  IR  through  a  20.4-cm  diameter  circular  aperture 
in  one  wall  of  the  test  chamber;  the  center  of  the  aper¬ 
ture  was  located  on  the  antenna  boresight.  An  air-con¬ 
ditioning  unit  circulated  air  through  the  subject’s  cham¬ 
ber  at  a  temperature  of  23  ±  0.5  °C.  Ambient  tempera¬ 
ture  outside  the  test  chamber  was  maintained  at  23  ± 
1.5  °C.  The  inside  surface  of  the  test  chamber,  against 
which  each  subject’s  bare  back  was  placed,  was  in  the 
far  field  of  the  transmitter  antenna  in  a  plane  normal 
to  the  boresight. 

Exposures  of  10-s  duration  occurred  at  1-min  in¬ 
tervals.  After  each  exposure,  the  subject  was  required 
to  give  a  yes-or-no  decision  regarding  detection  of  a 
stimulus.  A  1-s  warning  tone  occurred  4-6  s  before 


each  exposure.  A  light  signaled  the  presence  of  a  mi¬ 
crowave  or  IR  exposure  (except  on  “catch”  trials, 
when  there  was  no  energy  output  from  the  stimulus 
source).  A  microwave-absorbent  shutter  was  inter¬ 
posed  between  the  subject  and  the  antenna  between 
exposures.  A  few  seconds  before  the  beginning  of  each 
trial,  a  warning  tone  was  sounded,  and  the  transmitter 
output  was  turned  on  and  adjusted  to  the  level  required 
by  the  staircase  procedure.  When  the  selected  power 
level  was  achieved,  the  shutter  was  opened,  and  the 
signal  light  visible  to  the  subject  was  turned  on.  On 
trials  in  which  the  subject  said  “yes”  before  the  end 
of  the  trial,  exposure  was  discontinued  immediately. 
Otherwise,  transmitter  power  was  turned  off  and  the 
shutter  was  closed  after  10  s  of  exposure.  No  record 
was  kept  of  the  latency  or  frequency  of  early  “yes” 
responses. 

The  subject  was  visible  and  audible  to  the  experi¬ 
menters  throughout  all  experimerital  sessions  via  a 
video  monitor  and  intercom.  Frequencies  were  tested 
in  the  same  order  for  all  but  one  subject:  2.45,  10,  35, 
94,  and  7.5  GHz,  followed  by  IR.  One  subject  was 
unavailable  when  the  other  subjects  were  tested  at 
7.5  GHz.  On  his  return,  he  was  tested  with  IR  before 
being  tested  at  7.5  GHz.  Seven  of  the  subjects  were 
tested  at  94  GHz  in  a  preliminary  experiment.  When 
they  were  retested,  the  results  of  the  two  tests  were 
comparable,  indicating  that  little  or  no  carryover  or 
practice  effects  were  present  to  distort  the  results. 

RESULTS 

The  thresholds  at  all  MW  frequencies  and  IR  are 
presented  in  Table  2,  along  with  depth  of  energy  depo¬ 
sition  (depth  at  which  incident  power  density  decreases 
by  a  factor  of  1/e)  and  the  wavelength  values  corre¬ 
sponding  to  each  frequency.  The  threshold  and  skin 
depth  values  are  illustrated  graphically  in  Fig  1.  The 
threshold  data  are  wejl  fitted  by  a  linear  regression 
between  log  threshold  and  log  frequency  (r^  =  0.978). 
Depth  of  energy  deposition  is  similarly  well  fitted  by 
a  line  (r^  =  0.979),  but  its  slope  in  log-log  coordinates 
(- 1 .22)  is  different  from  the  slope  of  the  threshold  data 
(-0.69).  Sensitivity  (the  inverse  of  threshold)  increased 
by  more  than  an  order  of  magnitude  as  frequency  in¬ 
creased  from  2450  MHz  to  94  GHz.  Although  the 
threshold  at  94  GHz  was  slightly  lower  than  the  IR 
threshold,  this  difference  was  not  significant. 

DISCUSSION 

Our  findings  are  generally  consistent  with  those 
reported  by  earlier  investigators.  For  example,  Hendler 
[  1 968]  reported  the  following  comparison  of  MW  and 
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TABLE  2.  Dermal  Warmth  Detection  Thresholds  as  a  Function  of  Frequency  _ 

Frequency  Threshold  (mW/cm=)  Tissue  penetration"  Wavelength 

(GHz) _  (mean  ±  s.e.m.) _ (l/e~  depth,  mm) _ 

2.45  63.1  ±  6.7 

7.5  19.5  ±  2.9 

10  19.6  ±  2.9 

35  8.8  ±  1.3 

94  4.5  ±  0.6 

1-3  X  10^ _ 5.34  ±  1.1 

-Skin  depth  (6)  is  given  by:  5  =  (67.52//)[V(8')=  +  (e")=  -  s']'''’’-  where /is  frequency  in  GHz  e' 
and  e"  are  the  real  and  imaginary  part  of  the  relative  permittivity,  respectively.  (Durney  et  al.,  1986). 
Relative  permittivity  (e*)  of  skin  is  given  (Hurt,  1996)  by: 
e*  =  e'  -  is"  =  4.3  -  3.1917/+  105/(1  +  i//.05)  +  32/(1  +  iJI20). 
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IR  thresholds  on  the  forehead:  threshold  at  3  GHz  = 
33.5  mW/cm^  at  10  GHz,  12.6  mW/crn^  and  at  IR, 
4.2  mW/cm-.  Although  these  values  are  somewhat 
lower  than  ours,  the  trend  over  frequencies  is  very 
similar.  Others  [e.g.,  Kenshalo  et  al.,  1967]  have  found 
that  the  back  is  about  2  dB  less  sensitive  than  the 
forearm  and  that  the  forehead  is  among  the  most  sensi¬ 
tive  areas.  Thus,  the  differences  between  our  findings 
and  Hendler’s  may  simply  reflect  the  regional  differ¬ 
ences  in  sensitivity.  Justesen  et  al.  [1982]  reported  that 
the  threshold  at  2.4  GHz  is  about  15  times  the  threshold 
for  IR  on  the  forearm.  This  finding  is  quite  comparable 
to  our  finding  for  the  back.  Hendler  et  al.  [1963]  found 
that  the  threshold  at  10  GHz  was  only  about  twice  as 
great  as  that  of  IR,  whereas  we  found  it  to  be  nearly 
four  times  as  great.  Hendler  and  his  colleagues  tested 
a  37-cm^  area  on  the  forehead,  so  it  is  unclear  whether 
this  discrepancy  arises  from  differences  between  the 
back  and  forehead,  from  differences  in  the  methods 
used  to  measure  threshold,  or  from  a  possible  con¬ 
founding  due  to  variation  in  spatial  summation  as  a 
function  of  frequency  on  the  forehead. 
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Fig.  1 .  Detection  threshold  and  penetration  depth  as  a  function 
of  MW  frequency.  Threshold  for  IR  Is  shown  to  the  right  for 
comparison. 


Warmth  thresholds  in  the  millimeter-wave  range 
of  MW  wavelengths  (frequencies  beyond  30  GHz) 
have  not  been  reported  previously.  The  finding  that 
warmth  sensitivity  to  millimeter-wave  MW  is  similar 
to  the  sensitivity  for  IR,  the  natural  stimulus  for  this 
sensation,  has  not  previously  been  reported.  Although 
our  finding  is  that  thresholds  for  94  GHz  and  IR  do 
not  differ  significantly,  it  is  possible  that  future  work 
directed  at  this  specific  comparison  may  find  a  signifi¬ 
cant  difference  in  either  direction. 

There  were  two  minor  sources  of  uncertainty  in¬ 
volved  in  this  comparison  in  the  present  experiment. 
First,  because  the  thresholds  are  expressed  in  terms  of 
incident  energy,  the  value  for  the  millimeter-waves 
may  be  slightly  inflated  relative  to  IR,  as  more  of  the 
incident  MW  energy  is  probably  reflected  (about  35% 
of  MW  [Gandhi  and  Riazi,  1986]  compared  with  <5% 
of  IR  [Hendler  and  Hardy,  I960]).  Second,  the  spatial 
distribution  of  the  incident  energy  differed  between 
IR  and  MW  in  our  experiment.  The  large  heat  lamps 
provided  an  essentially  homogenous  radiation  field 
over  the  whole  exposure  area,  whereas  the  milliter- 
wave  fields  were  characterized  by  a  peak  at  the  center 
of  the  exposed  area,  with  field  intensities  falling  off  by 
about  2  dB  near  the  edges.  The  effective  stimulus  area 
for  millimeter-waves  (the  critical  area  for  complete 
spatial  summation)  was  undoubtedly  smaller  than  the 
entire  area  stimulated,  so  our  use  of  the  average  irradi- 
ance  over  the  whole  area  would  have  somewhat  under¬ 
represented  the  field  intensity  in  the  effective  stimulus 
area.  That  is,  the  average  power  density  in  the  critical 
area  in  which  spatial  summation  contributed  to  the 
threshold  was  somewhat  higher  than  the  average  over 
the  whole  area  stimulated.  However,  the  potential  bias¬ 
ing  effects  of  differences  in  reflectivity  and  inhomoge¬ 
neity  of  the  stimulus  fields  acted  in  opposite  directions, 
so  their  net  effect  should  have  been  small.  Less  of  the 
incident  millmeter-wave  power  than  of  the  incident  IR 
is  absorbed,  so  it  appears  that  the  threshold  for  94 
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GHz  may  actually  be  smaller  than  for  IR,  in  terms  of 
absorbed  power. 

If  future  work  directed  at  a  precise  comparison 
between  IR  and  millimeter  wavelength  MW  should 
find  a  small  difference  in  either  direction,  the  difference 
is  likely  to  be  much  smaller  than  the  difference  in 
permissible  exposure  limits  for  the  two  radiation  fre¬ 
quencies  specified  by  the  applicable  safety  standards 
[ANSI  Z136.M993,  1993;  ANSI/IEEE  C95.1-1991, 
1992].  For  lasers  with  outputs  in  the  IR  range,  skin 
exposures  as  high  as  1  W/cm^  are  within  permissible 
limits  for  exposures  exceeding  10  s  in  duration.  The 
maximal  permissible  whole-body  exposure  (MPE)  at 
94  GHz  MW  in  uncontrolled  environments  (in  which 
the  exposed  individual  may  have  no  knowledge  of  or 
control  over  the  exposure)  is  10  mW/cm^,  averaged 
over  39.8  s  [ANS  WEEE  C95. 1  - 1 99 1 , 1992].  For  partial 
body  exposures  like  those  in  our  experiments,  this  stan¬ 
dard  is  relaxed  to  an  MPE  of  about  40  mW/cm^.  Given 
our  exposure  area  and  duration,  the  average  subject 
thus  received  less  than  3%  of  the  MPE  in  a  typical 
trial  at  the  average  detection  threshold  for  94GHz. 

If  the  pain  threshold  is  about  2  orders  of  magni¬ 
tude  greater  than  the  detection  threshold,  this  implies 
that  exposure  of  any  small  area  of  the  body  at  94  GHz 
MW  would  produce  pain  at  or  near  the  MPE.  Gandhi 
and  Riazi  [1986]  have  pointed  out  that  millmeter-waves 
may  more  efficiently  couple  to  skin  under  dry  clothing 
than  to  bare  skin.  Thus,  under  normal  exposure  condi¬ 
tions,  skin  pain  might  be  evoked  at  exposure  levels 
below  the  MPE.  Given  that  this  safety  standard  in¬ 
cludes  a  50-fold  safety  factor,  even  whole-body  expo¬ 
sure  to  MW  in  this  frequency  range  is  likely  to  produce 
sensations  that  would  provoke  escape  or  avoidance  re¬ 
sponses  before  damaging  levels  (as  contemplated  by 
the  standard)  could  be  reached.  Relative  to  the  IR- 
laser  standard,  the  radio  frequency  safety  standard  for 
millimeter-wavelengths  seems  very  conservative  in¬ 
deed,  given  that  human  skin  is  about  equally  sensitive 
to  radiation  in  these  two  wavelength  ranges. 

At  lower  MW  frequencies,  e.g.,  2.45  GHz,  where 
the  detection  threshold  is  about  15  times  higher  than 
for  millimeter-waves  or  IR,  the  situation  is  different. 
MW  energy  is  deposited  relatively  deep  in  the  tissues 
(see  Table  2),  and  unless  the  subject  has  knowledge  of 
the  presence  of  a  MW  source,  he  or  she  is  likely  to 
attribute  sensations  of  warmth  to  internal  conditions, 
rather  than  external  sources  [Justesen,  1988].  Under 
these  circumstances,  appropriate  avoidance  responses 
are  not  likely  to  be  evoked,  even  at  levels  of  exposure 
that  produce  significant  (and  perhaps  damaging)  in¬ 
creases  in  body  temperature  [Justesen,  1988].  Healthy 
human  adults  have  thermoregulatory  resources  more 
than  adequate  to  counteract  the  energy  deposited  at  the 


MPE  for  low  MW  frequencies  [Adair,  ER,  personal 
communication],  so  the  safety  standard  appears  to  pro¬ 
vide  adequate  protection,  even  at  frequencies  close  to 
resonance  for  the  human  body  [Adair  and  Berglund, 
1989]. 

The  differences  in  slope  between  the  functions 
relating  frequency  to  threshold  and  penetration  depth 
suggests  that  penetration  depth  alone  does  not  explain 
the  variation  in  sensitivity  with  frequency.  Additional 
mechanisms  related  to  the  thermal  properties  of  the 
tissue  may  be  involved.  Further  work  is  needed  to  de¬ 
fine  the  properties  of  these  mechanisms. 
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Can  Organisms  Avoid  Injury  From  IVfillimeter  Wave  Electromagnetic  Radiation? 

Clifford  J.  Sherry 

Systems  Research  Laboratories,  8305  Hawks  Rd,  San  Antonio,  TX  78235 

The  portion  of  the  electromagnetic  spectrum  that  is  commonly  called  millimeter 
wave  fits  in  a  narrow  band  between  the  upper  aid  of  the  microwave  fi'equaicies  to  the 
lower  end  of  the  infirared  portion  of  the  firequency  spectrum.  Unfortunately,  relatively 
little  is  known  about  the  effects  of  millimeter  waves  on  biological  systems.  Most  of  the 
existing  work  deals  with  models;  in  vitro  preparations;  or  lower  organisms.  Frei  and  his 
colleagues,  in  one  of  the  first  studies  of  the  effects  of  35  GHz  on  mammals,  found  that 
when  skin  tenperature  reached  43-45  °C  (Tcore  <  39  °C),  a  dramatic  increase  in 
mesenteric  flow  rate  occurred.  This  was  accompanied  by  a  dramatic  decrease  in  mean 
arterial  blood  pressure,  circulatory  shock,  and  death. 

Since  civilian  and  military  applications  of  millimeter  wave  radar  appears  to  be 
increasing,  it  is  likely  that  humans  are  being  and  win  continue  to  be  e^osed  to  millimeter 
waves.  Therefore,  it  is  important  to  determine  if  conscious  organisms  can  "sense"  the 
presence  of  millimeter  waves  before  damage  or  a  life  threatening  crisis  such  as  those 
described  by  Frei  and  his  colleagues  can  occur. 

Using  a  now  standard  technique.  Hardy  and  his  colleagues  found  that  the  threshold 
for  warmth  is  0.00015  gm-cal/sec/cm^  (milhcalories)  or  a  change  in  skin  tenperature  of 
0.003  °C.  The  amount  of  a  stimulus  that  will  cause  a  detectable  difference  in  the  degree 
of  heat  sensation  is  called  a  just  noticeable  difference  (JND).  There  are  approximately  90 
jnd’s  between  the  threshold  for  warmth  and  the  threshold  for  pain.  It  is  unlikely  that 
someone  engaged  in  their  daily  activities  would  detect  and  respond  to  subtle  changes  in 
heat  sensations.  A  mild  pain  sensation,  on  the  other  hand,  would  probably  interrupt  daily 
activities  and  cause  the  person  to  orient  to  the  stimulus  and  respond  to  it.  Hardy  found 
that  for  a  3  sec  exposure,  the  minimum  pain  threshold  was  0.220  millicalories.  Their 
subjects  reported  a  sharp  stab  of  pain,  the  culmination  of  an  intense  sensation  of  warmth, 
just  before  the  termination  of  the  3  sec  exposure.  Contrary  to  popular  behef,  pain 
thresholds  are  fairly  similar  for  humans.  For  example,  the  greatest  number  of  people  feel 
pain  when  a  small  area  of  their  skin  is  heated  to  about  45°C  and  virtually  everyone 
perceives  pain  before  the  temperature  reaches  47°C.  The  upper  limit  was  approximately 
480  meal.  Above  this  value,  bums  were  induced. 

The  ‘sensor’  for  pain  are  the  free  nerve  endings  found  at  all  of  the  surfaces  of  the 
body  (i.e.  skin  and  mucosa)  and  whose  axons  are  either  myehnated  (A5  fibers)  or  non¬ 
myelinated  (c  fibers).  These  two  types  of  fibers  may  be  responsible  for  the  ‘double  pain’ 
phenomena  that  occurs  when  intense  heat  is  apphed.  These  two  phases  are  commonly 
called  ‘fast’  or  first  and  ‘slow’  and  second  pain.  The  ‘fast’  fibers  are  potentially  located 
just  below  the  epithelium  (i.e.  0.25-0.50  mm),  while  the  ‘slow’. 
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Psychophysical  Detection  and  Pain  Ratings  of  Incremental  Thermal  Stimuli: 
A  Comparison  with  Nociceptor  Responses  in  Humans 
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Spatial  Summation  of  Thermal  Pain  in  Human  Beings 

H.  Machkt-Pietropaoli  AND  S.  Chery-Croze 
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STIMULATION  AREA 


Ocular  effects  of  penetrating  IR  laser  wavelengths 

JA.  ZucUch*,  DA  GagUano^  F.  Chene/,  B£.  Stuck^,  H.  Zwick^,  P.  Edsall^  and  DJ.  Lund^ 

*TASC,  Inc.,  San  Antonio,  TX  78212-3159 
^US  Army  Medical  Research  Detachment,  Brooks  AFB,  TX  78235 
^Optical  Radiation  Division,  Armstrong  Laboratory,  Brooks  AFB,  TX  78235-5215 

ABSTRACT 

This  study  is  concerned  with  ocular  effects  of  laser  radiation  in  the  wavelength  range  from  ~1.1  pm 
to  2.0  pm  which  includes  the  so-called  “eye-safe”  range  vliere  retinal  and  comeal  damagp.  thresholds  are 
significantly  hi^er  than  the  corresponding  thresholds  for  more  common  visible  and  far-R  lasers.  Across 
this  wavelength  range,  ocular  safe  exposure  limits  vary  rapidly  with  wavelength  and  are  up  to  ~6  orders  of 
magnitude  greater  than  exposure  limits  for  visible  wavelengths.  However,  recent  developments  in  laspr 
technology  have  yielded  a  variety  of  powerful  near-R  laser  sources.  Such  lasers  are  not  “eye-safe”  but, 
rather,  may  emit  peak  powers  orders  of  magnitude  above  tissue-damaging  levels.  a  ' 

This  report  focuses  on  the  unique  aspects  of  laser-tissue  interactions  for  “eye-safe”  wavelengths.  In 
contrast  to  past  experience  where  the  laser  enCTgy  is  absorbed  primarily  in  a  thin  layer  (either  at  the  cnimp^t 
or  skin  surface  for  longer  R  wavelengdis  or  at  the  retinal  pigment  epithelium  for  visible  wavelengths), 
“eye-safe”  wavelengths  are  attenuated  gradually  through  a  volume  of  tissue  and  may  affect  any  one  or 
sevCTal  sites  within  the  cornea,  lens,  and  retina.  The  reaction  of  the  irradiated  organism  to  the  volumetric 
heating  associated  with  such  penetrating  laser  wavelengths  does  not  conform  with  expectations  of  an 
immediate  or  relatively  early  observable  lesion.  Rather,  the  observable  consequences  of  the  lasp-r  exposure 
may  take  days  to  become  apparent  and  may  involve  degeneration  across  a  wider  expanse  of  tissue  than  that 
directly  irradiated  by  the  laser.  For  these  reasons,  R  laser  exposures  bear  close  scmtiny  to  redefine  both 
the  usual  tissue  damage  criteria  and  then  the  appropriate  safe  exposure  limitc 

Keywords:  R  laser,  eye,  ocular  damage,  safe  exposure  limits,  eye-safe,  vision,  infrared,  safety  standard, 

laser  bioefifects 


1.  INTRODUCTION 

Development  in  the  past  few  years  of  inf'aied  lasers  with  high  power  outputs  lends  promise  of  a 
spate  of  R  laser  applications  in  the  near  future.  The  military  communities  have  long  been  interested  in  R 
lasers  due  to  their  high  transmission  through  the  atmosphne  coupled  with  the  relatively  high  exposure 
levels  required  to  cause  ocular  damage.  The  concept  of  “eye-safe”  laser  rangefinders  is  a^^iealing  where 
the  application  may  result  in  accidental  exposure  of  fiiendly  personnel.  The  teleenTnmnniratinnR  industry  is 
gearing  up  for  explosive  growth  in  optical  fiber  information  transmission  which  will  likely  involve  R  diode 
lasers  emitting  at  ~1.3  pm  and  —1.55  pm,  wavelengths  which  have  excellent  transmission  through  optical 
fibers.  Diode  lasers  with  respectable  power  at  these  wavelengths  are  now  being  produced.  With  the 
availability  of  R  lasers  of  desirable  wavelengths,  medical  applications  are  being  investigated  as  [bysicians 
find  that  they  can  access  and  treat  many  body  tissues  with  the  relatively  high  penetration  depths  of  near-R 
wavelengths. 
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Against  this  predicted  tide  of  IR  laser  applications  in  the  near  future,  there  is  a  shortfall  of  detailed 
studies  of  IR  laser-tissue  interactions  and  precise  determination  of  ocular  damage  threshold  levels.  Hie 
primary  objective  of  this  study  is  to  assess  the  ocular  effects  of  laser  radiation  over  the  transition  region  as 
wavelength  is  varied  from  visible  and  near-IR,  where  the  transmission  of  the  ocular  medium  is  high  and  the 
retina  is  at  risk  from  relatively  low  laser  power  levels,  to  the  far-IR,  where  the  absorption  of  the  anterior 
ocular  components  is  so  high  as  to  preclude  retinal  damage.  In  the  latter  case,  the  cornea  and  lens  of  the 
eye  are  susceptible  to  thermal  damage  due  to  their  strong  absorption  coefficients. 

Transmission  spectra  of  the  ocular  components  (cornea,  aqueous,  lens,  and  vitreous)  of  the  primate 
eye  are  plotted  in  Figure  1.^  From  this  illustration  it  is  seen  that  transmission  through  each  ^ular 
component  (and  therefore,  transmission  to  the  retina)  is  high  for  visible  wavelengths  and  only  begins  to 
drop  significantly  for  wavelengths  >1.1  iim  where  the  water  content  of  the  tissues  begins  to  absorb.  By 
-1.4  pm,  the  absorption  of  the  ocular  components  is  appreciable  (save  for  the  relatively  thin  cornea)  md 
virtually  no  incident  radiation  is  transmitted  to  the  retina.  Between  -1.15  pm  and  -1.4  pm,  the  absorption 
of  an  incident  laser  beam  is  more  evenly  distributed  across  the  ocular  components  and  depending  upon  the 
precise  exposure  parameters,  damage  may  be  induced  in  one  or  more  of  the^  cornea,  lens,  and 
retina/choroid. 

Because  of  the  rapidly  varying  ocular  absorption  coefficients  and  the  concomitant  uncertainty 
regarding  ocular  damage  thresholds,  safety  standards^’^  for  IR  lasers  are  conservatively  written  and  may 
hinHpT  new  applications.  Figures  2  and  3  depict  the  variation  in  ocular  damage  threshold  with  wavelength 
for  two  pulsewidth  regimes:  Q-switched  pulsewidths  and  exposure  durations  of  -1.0  sec,  respectively.  In 
either  case,  the  individual  data  points  represent  retinal  damage  thresholds  for  wavelengths  <1064  run  and 
comeal  damage  thresholds  for  longer  wavelengths.  (Figure  3  includes  a  comeal  threshold  reported  fw 
1064  nm.'*  It  is  seen  that  this  corneal  threshold  lies  3-4  orders  of  magnitude  above  retinal  damage 
thresholds  for  the  same  wavelength.) 

Also  plotted  as  solid  lines  in  Figures  2  and  3  are  the  maximum  permissible  exposure  (MPE)  levels 
defined  by  the  ANSI  Z136.1  laser  safety  standard.^  There  are  several  points  to  note  with  respect  to 
Figures  2  and  3.  First,  MPE  levels  vary  with  pulsewidth  as  weU  as  with  wavelength,  so  the  parametric 
plots  of  Figures  2  and  3  only  depict  the  wavelength  dependence  for  two  pulsewidth  ranges  of  interest. 
Actually,  MPE  is  invariant  to  pulsewidth  for  pulses  between  1  nsec  and  18  psec,  so  aU  threshold  data 
obtained  with  Q-switched  lasers  have  been  collected  in  Figure  2  and  plotted  along  witii  the  short 
pulsewidth  (<18  psec)  MPE.  Figure  3,  on  the  other  hand,  shows  the  MPE  qjplicable  for  1-sec  exposures 
plotted  with  aU  available  threshold  data  with  pulsewidths  within  a  factor  of  two  of  the  nominal  (1  sec) 
value. 


The  second  point  to  note  with  regard  to  Figures  2  and  3  is  that  there  is  almost  a  total  absence  of 
threshold  data  between  1.1  pm  and  1.4  pm  where  the  MPE  (and  presumably  the  damage  threshold)  varies 
most  rapidly  with  wavelength.  (The  data  plotted  at  1.33  pm  actually  resulted  from  NdiYAG  lasw 
exposures  with  simultaneous  emissions  at  several  wavelengths  clustered  about  1.33  pm.^*®)  MPE  levels  in 
this  wavelength  range  are  projections  based  primarily  upon  variation  in  absorption  coefficients  of  the  ocular 
components,  which  to  a  close  approximation,  reflects  the  water  content  of  each  tissue.  However,  the  step 
changes  in  MPE  at  several  wavelengths  (including  the  step  of  over  3  orders  of  magnitude  at  1.4  pm,  for 
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short  pulsewidths)  and  the  plateaus  between  the  step  changes  could  hardly  represent  a  satisfactory 
portrayal  of  variation  of  damage  threshold  with  wavelength.  One  of  the  objectives  of  the  current  study  is 
to  collect  sufficient  ocular  damage  threshold  data  to  more  realistically  define  MPE  levels  for  IR 
wavelengths. 

Third,  the  genesis  of  the  “eye-safe”  laser  concept  can  be  seen  from  Figures  2  and  3.  As  wavelength 
is  increased  from  visible  into  the  near-IR,  the  absorption  of  the  ocular  medium  becomes  stronger  and  the 
retinal  damage  threshold  begins  to  rise  -  gradually  through  ~1.1  pm  and  more  r^idly  at  longer 
wavelengths.  Similarly,  as  wavelength  is  decreased  from  far-IR  into  die  near-IR,  the  absorption  of  the 
cornea  (the  only  ocul^  tissue  affected  by  far-IR  radiation)  decreases  and  the  comeal  damage  threshold 
rises.  The  rising  retinal  and  comeal  damage  threshold  curves  (as  depicted  in  Figure  4)  cross  at  some 
intermediate  wavelength  where  the  eye  is  the  most  resistive  to  laser-induced  damage.  The  estimate  of  this 
crossover  wavelength  implied  by  Figure  4  is  ~1.3  pm.  In  contrast,  the  ANSI  standard  MPE  levels  peak 
and  are  flat  over  the  wavelength  range  of  1.4  pm  to  1.8  pm.  hi  either  case,  lasers  emitting  at  or  near  the 
crossover  wavelength  would  be  the  “eye-safest”  lasers.  Unfortunately,  the  use  of  the  term  “eye-safe  laser” 
in  the  popular  press  and  to  a  certain  extent  in  the  technical  literature  has  been  careless  and  reports 
frequendy  imply,  without  further  discussion  of  ocular  damage  thresholds,  that  there  i§'an  “eye-safe” 
wavelen^  range  where  there  is  no  hazard  to  the  eye,  regardless  of  the  laser  power  level.  Alternatively, 
and  just  as  egregiously  in  error,  some  papers  suggest  that  if  the  retina  is  not  at  risk  from  a  particular  laser, 
then  that  laser  is  “eye-safe,”  again  regardless  of  the  power  level  and  the  potential  for  damage  to  the 
anterior  ocular  tissues. 

The  fourth  and  final  point  to  emphasize  is  that  near  the  crossover  wavelength  discussed  above, 
incident  laser  energy  is  partMy  absorbed  by  each  ocular  component  and  the  safety  standard  MPE  level 
must  be  governed  by  whichever  tissue  (cornea,  lens,  or  retina/choroid)  exhibits  the  lowest  damage 
threshold.  The  work  reported  here  presents  the  results  of  exposing  ocular  tissues  to  two  wavelengths, 
1.318  pm  and  1.356  pm,  and  discusses  the  relative  susceptibility  of  the  individual  ocular  components  to 
these  wavelengths. 


2.  METHODS 


All  laser  exposures  were  accomplished  with  a  CW  N±YAG  laser  equipped  with  pairs  of  mirrors  to 
optimize  the  output  at  either  1.318  pm  or  1.356  pm.  An  intracavity  etalon  was  used  to  select  the 
wavelength  of  interest  vfule  suppressing  other  NchYAG  emission  lines.  The  laser  beam  was  directed 
through  a  0.5-m  scanning  monochromator  to  a  germaruum  photodiode  to  insure  that  each  wavelength 
selected  was  free  of  contaminating  laser  emissions.  CSV  output  was  stable  at  a  maximum  level  of  ~2  W  for 
1.318  pm  and  1  W  for  1.356  pm.  An  electrcmcally  controlled  mechanical  shutter  was  used  to  select  the 
exposme  duration,  which  was  the  variable  for  ocular  threshold  determinations.  Beam  profiles  were 
determined  using  a  2-D  laser  beam  analyzer. 

The  experimental  subjects  were  rhesus  monkeys  (Macaca  mulatta)  and  Dutch  Belted  rabbits 
(Oryctolagus  cmiculus).  All  animals  used  in  this  study  were  procured,  maintained,  and  used  in  accordance 
with  the  Animal  Welfare  Act  and  the  “Guide  for  the  Care  and  Use  of  Laboratory  Animals”  prepared  by  the 
Institute  of  Laboratory  Animal  Resources,  National  Research  Council;  and  the  ARVO  Resolution  on  the 
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Use  of  Animals  in  Research.  All  experiments  involving  animals  used  appropriate  levels  of  anesthesia  so  the 
subjects  did  not  experience  pain  or  distress. 

Pre-exposure  screening  of  subjects  to  insure  clear  ocular  media  and  normal  ocular  tissues  generally 
consisted  of  a  slit-lamp  examination,  a  fundus  camera  examination,  fluorescein  angiography,  baseline 
photography  taken  while  the  subject  was  still  in  position  at  the  fundus  camera,  and  refraction  to  the  nearest 
0.25  diopter.  In  the  case  of  rabbit  subjects  scheduled  only  for  anterior  ocular  tissue  exposures,  the  pre- 
exposure  screening  was  limited  to  the  slit-lamp  and  fundus  camera  examinations.  In  cases  where  laser- 
induced  retinal/choroidal  effects  were  detected  or  suspected,  the  subjects  were  also  examined  with  a 
scanning  laser  ophthalmoscope  (SLO).  The  SLO  exams  included  fluorescein  and  Indo-cyanine  green 
angiographies  and  were  recorded  on  videotape. 

For  exposures  to  anterior  ocular  tissues,  the  laser  beam  was  focussed  to  a  1-mm  spot  size  at  the 
comeal  plane,  and  directed  to  the  selected  comeal  spot  at  normal  incidence.  Beam  divergence  was  always 
<  1  mrad  so  the  beam  is  effectively  collimated  in  all  instances.  In  general,  nine  exposures  were  delivered  to 
3ie  cornea  forming  a  3  X  3  grid  of  exposed  sites  witii  ~2  mm  between  adjacent  exposure  sites.  The  grid 
was  centered  on  the  cornea.  To  insure  that  the  IR  beam  was  delivered  to  the  selected  comeal  site,  two 
HeNe  beams  of  ~l-mm  diameter  were  madp,  to  cross  at  the  comeal  plane.  The  spot  Where  the  two  HeNe 
beams  crossed  was  coincident  with  the  passage  of  the  IR  beam  through  the  comeal  plane.  Thus, 
positioning  the  cornea  with  regard  to  the  1-mm  spot  deiBned  by  the  crossing  HeNe  beams,  insured  that  the 
selected  spot  was  irradiated  by  the  IR  laser. 

For  retinal  exposures,  several  changes  in  procedure  were  instituted.  The  subjects  were  placed  on 
an  adjustable  stage  in  front  of  a  fundus  camera.  Laser  exposures  were  delivered  to  the  eye  by  deflecting 
the  beam  off  of  a  sliding  gold  mirror  mounted  in  front  of  the  fundus  camera  and  adjusted  so  that  when  the 
mirror  was  in  place  the  deflected  laser  beam  was  coUinear  with  the  optical  axis  of  the  fundus  camera. 
Sliding  the  mirror  to  the  side  allowed  normal  viewing  of  the  fundus  immediately  before  and  after  each  laser 
exposure.  A  gold  mirror  was  chosen  because  of  its  high  reflectivity  to  the  IR  wavelengths  being  smdied. 
Marker  lesions  were  placed  on  the  subject’s  retina  by  means  of  an  air-cooled  argon  laser  using  15-msec 
exposures  to  ~60  mW  incident  at  the  cornea.  For  riiesus  subjects  the  marker  lesions  were  placed  outside 
of  the  pigmented  macula  in  a  grid  pattern  which  defined  the  macular  sites  for  the  subsequent  IR  laser 
exposures.  For  rabbit  subjects,  the  marker  lesions,  when  used,  were  placed  below  the  visual  streak  again 
to  define  retinal  sites  (also  below  the  streak)  for  the  IR  exposures.  In  order  to  avoid,  or  at  least  minimize 
comeal  and/or  lens  damage  \riiile  delivering  multiple  exposures  to  the  retina,  the  IR  las^  beam  diameter  at 
the  comeal  plane  was  5  mm  instead  of  1  mm.  The  collimated  beam  was  directed  so  that  it  passed  through 
the  dilated  pupil. 

Following  each  exposure  session,  lesion/no  lesion  determinations  were  made  for  each  exposure  site 
in  each  potentially  affected  ocular  tissue.  Although  a  1-hr  postexposure  criterion  is  standard  when  reading 
eyes  for  laser-induced  thermal  damage,  such  a  fixed  criterion  was  inadequate  in  this  instance  since  we 
discovered  that  some  of  the  visible  consequences  of  penetrating  IR  wavelengths  were  not  visualized  via 
slit-lamp,  fundus  camera,  or  SLO  examination  until  several  days  postexposure.  Thus,  selected  subjects 
were  periodically  examined  at  times  up  to  3-months  postexposure  to  document  the  temporal  development 
of  the  various  types  of  observed  ocular  lesions.  Whai  lesion/no  lesion  data  were  sufficient,  ED50 
thresholds  and  confidence  limits  were  calculated  by  probit  analysis.^ 
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3.  RRSULTS 


Exposures  of  rabbit  and  riiesus  subjects  to  1.318-pin  radiation  were  conducted  with  the  laser 
power  at  2  W,  a  comeal  spot  size  of  1.0  mm  when  irradiating  anterior  ocular  tissues  or  5.0  mm  when 
targeting  the  retina,  and  exposure  times  ranging  from  ~0.2  sec  to  1  sec  (or  longer  when  searcl^g  for 
retinal  effects).  Under  these  conditions  and  over  a  fairly  narrow  range  of  exposure  doses  laser-induced 
damage  was  observed  in  the  cornea,  lens,  iris,  and  retina  of  the  Dutch  Belted  rabbit  Exposures  to  rhesus 
subjects  yielded  a  similar  array  of  lesions  save  for  the  fact  that  retinal  damage  was  not  observed. 

In  the  rabbit  the  threshold  dose  required  to  induce  a  comeal  lesion  was  175  J/cm^  In  the  riiesus  it 
was  72  J/cm^.  These  values  may  be  compared  to  a  rhesus  threshold  of  212  J/cm  reported  for  5-sec 
exposures  to  the  simultaneous  1.318/1.338  pm  output  from  a  Nd:YAG  laser.'* 

Exposure  to  doses  shghtly  in  excess  of  the  comeal  threshold  yielded  higUy  reflective  corneal  spots 
which  were  observed  immediately  following  exposure  (Figure  5).  Through  a  slit-lamp  examination  it  was 
determined  that  the  threshold  lesion  involved  the  fiill  thickness  of  the  cornea  (Figure  6),  instead  of  just  the 
epithelial  layer  as  had  been  found  following  threshold  exposures  to  far-IR  wavelengths. 

By  48-hr  postexposure  the  comeal  epithelial  damage  had  repaired  (as  expected).  At  that  tinie,  slit- 
lamp  examination  revealed  a  stromal  lesion  which  generally  had  a  smaller  diameter  than  the  initial  epithelial 
effect,  as  well  as  an  underlying  endothelial  lesion  whose  diameter  was  equal  to  or  slightly  greater  than  the 
inirial  lesion  (Figure  7),  In  both  rabbit  and  rhesus  subjects,  stromal  and  endothelial  effects  were  found  for 
almost  every  case  where  the  epithelium  had  initially  been  affected.  In  the  riiesus,  several  threshold 
exposures  yielded  a  minimal  endothelial  effect  at  ~48-hr  postexposure  even  though  no  corneal  lesion  had 
been  observed  in  the  first  few  hours  following  exposure.  If  these  data  points  are  changed  from  “no  lesion” 
readings  at  1-hr  postexposure  to  “lesion”  readings  at  48-hr  postexposure,  then  the  riiesus  comeal  threshold 
is  reduced  from  72  J/cm^  (for  1-hr  readings)  to  ~50  J/cm^  (for  48-hr  readings). 

Stromal  and  end<:>thp^iiai  lesions  observed  in  this  study  had  much  longer  persistence  than  corneal 
epithelial  effects.  Nevertheless,  if  induced  by  exposure  doses  only  slightly  in  excess  of  threshold,  the 
lesions  fully  resolved  within  several  weeks  postexposure.  Lesions  induced  by  doses  2-3  times  threshold  or 
more  persisted  for  as  long  as  we  monitored  the  subjects  and  are  thought  to  represent  permanent  comeal 
scarring.  At  these  suprathreshold  exposure  doses,  we  also  detected  cataracts  directly  behind  the  corneal 
lesion  site  (Figure  8).  The  threshold  for  cataract  induction  was  ~260  J/cm^  incident  at  the  cornea  for  both 
the  rabbit  and  the  ±esus. 

An  interesting  feature  of  the  IR-laser-induced  cataract  was  that  the  damage  was  often  visualized  as 
two  discrete  lesions,  hereafter  referred  to  as  the  anterior  surface  cataract  and  the  cortical  cataract.  The 
anterior  surface  cataract  was  observed  at  the  capsule  or  just  sub-capsular  with  litde  axial  depth  perceived 
by  slit-lamp  observation.  Directly  behind  the  anterior  surface  cataract  the  lens  appeared  to  be  normal. 
Directly  behind  that,  the  cortical  cataract  was  found  and  had  significant  associated  depth,  appearing  to 
involve  as  much  as  one  third  of  the  lens  thickness.  In  those  cases  where  the  cortical  cataract  thickness  was 
most  pronounced,  a  tapering  of  the  lesion  diameter  with  increasing  depth  was  observed  (Figure  9). 


116/SPIEVoI.  2391 


130 


Following  exposures  slightly  in  excess  of  threshold,  the  anterior  surface  cataract  generally  resolved 
within  a  few  weeks  postexposure,  whereas  the  cortical  cataract  often  persisted,  although  with  diminished 
intensity.  Cataracts  induced  by  exposures  of  at  least  twice  the  lens  threshold  showed  unduninished 
intensity  over  several  months  and  are  assumed  to  reflect  permanent  lens  damage. 

A  third  category  of  IR-laser-induced  cataract  was  observed  by  irradiating  the  iris  rather  than  the 
lens  directly.  This  observation  may  be  relevant  to  daytime  field  exposures  since  the  eye  would  not  be 
dilated  and  ag.<aiming  an  incident  laser  beam  diameter  much  larger  than  the  pupil  size,  more  energy  could 
easily  be  absorbed  by  the  iris  than  that  which  passes  through  the  pupil  to  irradiate  the  lens  directly. 
Therefore,  we  directed  the  1-mm-diameter  beam  to  selected  locations  on  the  iris  of  the  undilated  eye. 
Exposure  doses  sufficient  to  induce  cataracts  when  the  beam  was  directed  through  the  pupil  also  induced 
lesions  on  the  iris.  The  latter  effect  may  or  may  not,  in  itself,  have  any  consequences  for  visual  function. 
More  importantly,  when  the  iris  irradiated  eye  was  later  dilated,  anterior  surface  cataracts  were  found 
beneath  the  projected  irradiated  spots  (Figures  10  and  11).  The  threshold  for  induction  of  this  indirect 
cataract  was  ~130  J/cm^  or  ~'50%  of  the  threshold  for  induction  of  cataract  by  directly  irradiating  the  lens. 
With  suprathreshold  exposure  doses,  the  diameter  of  the  indirect  cataract  was  significantly  larger  than  the 
diameter  of  a  cataract  formed  by  directly  irradiating  the  lens  with  the  same  exposure.  Also,  with  such 
suprathreshold  exposures,  two  potential  ocular  complications  were  noted.  First,  in  some  instances  the  iris- 
irradiated  eye  would  not  dilate  for  at  least  several  days  postexposure  because  of  iris  adhesions  to  the  lens 
surface.  Second,  in  a  few  cases,  a  perforation  of  the  iris  was  found  at  several  weeks  postexposure  even 
though  the  initial  iris  effect  did  not  involve  perforation.  The  visual  consequences  of  this  latter  effect  Of 
any)  are  unknown,  but  it  is  obvious  that  the  iris  adhesions  would  interfere  with  accommodation  for  as  long 
as  they  persist. 

In  order  to  investigate  the  possibility  of  retinal  damage  resulting  from  1.318-pm  laser  radiation,  the 
laser  beam  diameter  incident  at  the  cornea  was  enlarged  from  1.0  mm  to  5.0  mm.  Thus,  the  comeal 
irradiance  was  kept  below  the  level  required  to  induce  the  anterior  ocular  effects  i^e  selected  retinal  sites 
were  irradiated  for  exposure  durations  of  up  to  ~20  sec.  In  no  instance  was  a  retinal  effect  detected 
immediately  or  within  the  first  few  hours  postexposure.  However,  in  the  rabbit,  retinal  lesions  in  the  form 
of  relatively  large  reflective  spots  (~200-500-pm  diameter)  developed  over  the  24-hr  period  following 
exposures  of  ~10  sec  or  longer  (Figure  12).  In  terms  of  comeal  irradiance,  the  retinal  threshold  dose  is 
estimated  to  be  ~75  J/cm^.  By  48-hr  postexposure  the  retinal  lesions  had  increased  significanfly  in 
intaisity,  but  the  fimduscopically  detected  lesion  diameter  was  unchanged  (Figure  13).  Beyond  48-hr 
postexposure  the  lesion  appearance  stabilized  for  several  days  to  weeks. 

In  one  rabbit  eye,  an  ~5CX)-pm  retinal  lesion  was  induced  by  a  suprathreshold  comeal  exposure 
even  though  a  1.0-mm  laser  spot  size  was  incident  at  the  cornea  and  an  intense  comeal  lesion  and  cataract 
were  produced  and  were  visible  immediately  following  exposure.  In  such  a  case  it  is  unknown  how  mudi 
energy  was  transmitted  to  the  retina  before  &e  developing  comeal  and  lens  lesions  shielded  the  posterior  of 
the  eye  from  further  exposure.  As  in  other  instances,  the  retinal  effect  was  not  apparent  on  the  day  of  the 
exposure  but  was  first  found  at  24-hr  postexposure  and  observed  to  have  the  same  size  (~5(X)  pm)  at  48-hr 
and  1-week  postexposure.  When  the  eye  was  examined  at  2-months  postexposure,  a  much  larger  (>  1  mm) 
and  irregularly  shaped  lesion  was  found  overlaying  the  original  lesion  site  figure  14).  The  lesion” seen  in 
Figure  14  is  interpreted  as  a  late-developing  inflammatory  response  to  the  fuU-thickness  retinal  damage 
induced  by  a  suprathreshold  1,318-pm  laser  exposure.  Scanning  laser  ophthalmoscopy  (SLO)  was 
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performed  on  eyes  exhibiting  IR-laser-induced  retinal  damage  to  aid  in  the  interpretation  of  the  effects 
illustrated  m  Figures  12-14.  The  SLO  observations  and  the  associated  pathology  will  be  discussed  in  a 
subsequent  paper. 

Exposure  of  rabbit  and  rhesus  subjects  to  the  1.356-pm  emission  of  the  NdiYAG  laser 
encompassed  a  similar  series  of  experiments  to  that  described  above  for  1.318-pm  radiation.  At  1.356  pm, 
the  maximum  output  of  the  laser  was  ~1  W  and  a  comeal  spot  size  of  0.7  mm  was  used  so  that  the  comeal 
irradiance  would  be  comparable  to  that  for  the  1.318-pm  exposures.  Under  these  conditions,  the  comeal 
threshold  for  1.356-pm  exposures  was  58  J/cm^  in  the  rabbit  and  86.9  J/cm^  in  the  rhesus.  The  cataract 
threshold  for  the  rabbit  was  approximately  twice  the  comeal  threshold  and  for  the  rhesus  was  about  5  times 
the  comeal  threshold  (compared  to  the  factor  of  4  found  at  1.318  itm).  The  general  appearance  and 
temporal  development  of  each  type  of  lesion  was  similar  for  the  two  wavelengths.  Ctomeal  and  lens 
thresholds  for  the  two  species  at  the  two  wavelengths  are  summarized  in  Table  1.  Since  in  situ  lens 
threshold  data  are  biased  by  any  changes  in  comeal  absorption  which  occur  as  comeal  damage  accmes 
during  the  exposure,  lens  thresholds  are  only  quoted  relative  to  the  comeal  threshold  for  identical  exposure 
conditions. 

A 

At  1.356  pm,  retinal  lesions  were  not  observed  in  either  species. 

4.  DISCUSSION 


The  IR-laser-induced  ocular  effects  reported  in  this  paper  are  unique  both  in  terms  of  the  mnltiplft 
lesion  sites  which  may  result  from  a  givai  exposure  and  in  the  differing  time  frames  for  development  of  the 
ultunate  consequences  of  the  laser  insult.  Virtually  all  previous  studies  of  laser-induced  ocular  damage  are 
characterized  by  strong  absorption  of  laser  energy  in  an  axially  thin  layer  -  either  at  the  retinal  pigment 
epithelium  for  visible  and  near-IR  wavelengths  up  to  the  more  frequenfly  studied  1064-mn  N±YAG 
emission,  or  at  the  anterior  comeal  surface  for  far-IR  wavelengths.  In  the  current  study  the  laser  energy  is 
gradually  absorbed  along  the  entire  axial  path  from  cornea  through  choroid,  and  numerous  sites  along  that 
path  may  be  affected.  The  reaction  of  the  irradiated  organism  to  the  volumetric  heating  associated  with 
such  penetrating  wavelengths  has  been  shown  to  sometimes  deviate  from  expectaticms  of  a  thermal  lesion 
observable  immediately  or  shortly  following  exposure.  Rather,  the  observable  consequences  of  a 
penetrating  laser  insult  may  take  days  to  become  apparent  and  longer  to  reach  maximum  expression,  wfrich 
may  include  degeneration  across  a  wider  expanse  of  tissue  than  that  irradiated  by  the  laser.  For  these 
reasons,  IR  laser  exposures  bear  close  scmtiny  to  redefine  both  the  standard  tissue  damage  criteria  and 
then  the  appropriate  safe  exposure  limits, 

In  considering  the  implications  of  this  work  for  extrapolation  to  the  human  and  for  impact  on  laser 
safety  standards,  one  must  carefully  examine  the  absorption  of  laser  radiation  in  each  ocular  component  as 
a  function  of  wavelength.  Figure  15  presents  the  transmission  of  1.318-pm  radiation  through  the  ocular 
components  (cornea,  aqueous,  lens,  and  vitreous)  and  through  the  ocular  medium  as  a  whole  (“eye”)  for 
each  of  the  rhesus,  rabbit,  and  human.  The  plots  are  based  upon  the  rhesus  absorption  data  of  Maher.’ 
The  rabbit  and  human  transmissions  are  calculated  by  correcting  transmission  based  on  differences  in 
thickness  of  the  ocular  components  between  species. 
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It  is  seen  from  Figure  15  that  at  1.318  jxm,  absorption  of  the  cornea  and  aqueous  is  nearly 
equivalent  for  the  three  species.  Absorption  of  the  rabbit  lens  is  significantly  greater  than  that  for  the 
rhesus  or  man  simply  because  the  rabbit  lens  is  over  twice  the  thickness.  IMs  is  countered  by  a  thimiCT 
vitreous  in  the  rabbit  (6.7  mm  compared  to  1 1.6  mm  in  the  rhesus  and  17  mm  in  man).  The  net  result  is 
that  transmission  of  1.318-jmi  radiation  through  the  ocular  medium  approximates  6%  in  the  rabbit  but  only 
3.6%  in  the  rhesus  and  1%  in  man.  We  were  able  to  induce  a  retinal  effect  in  the  rabbit  but  not  in  the 
riiesus  with  the  L318-pm  laser.  Since  transmission  through  the  human  eye  is  even  lower  than  that  in  the 
rhesus,  no  retinal  hazard  is  anticipated. 

At  1.356  |im  absorption  of  each  ocular  component  is  measurably  greater  than  at  1.318  pm,  and  the 
percent  of  incident  radiation  reaching  the  retina  is  lower  by  about  a  factor  of  10.  Thus,  it  is  not  surprising 
that  retinal  effects  were  not  observed  in  either  the  rabbit  or  rhesus  at  1.356  pm. 

Lens  thresholds  in  both  the  rabbit  and  rhesus  showed  little  change  as  wavelengfli  was  varied  from 
1.318  pm  to  1.356  pm  suggesting  that  the  inoeasing  lens  absorption  coefficient  witii  increasing 
wavelength  was  approximately  offset  by  the  lower  transmission  through  the  cornea  and  aqueous.  The 
decrease  in  rabbit  comeal  threshold  from  175  J/cm^  at  1.318  pm  to  58  J/cm^  at  1.356  pm  seems  greater 
than  would  be  anticipated  on  the  basis  of  increase  in  comeal  absorption  but,  in  general,  the  relative 
threshold  doses  across  wavelength  and  species  are  consistent  with  the  variation  in  absorption  of  the  ocular 
tissues. 


Recognizing  that  tissue  absorption  coefficients  vary  rapidly  with  wavelength  in  the  near-IR/far-IR 
transition  region,  as  do  the  factors  for  extrapolating  threshold  data  across  species,  we  offer  the  following 
guidance  for  assessing  potential  ocular  hazards  for  this  wavelength  range. 

1.  At  wavelengths  <1.15  pm,  the  transmission  of  the  ocular  medium  is  relatively  high,  and  laser 
radiation  primarily  presents  a  retinal  hazard.  Safety  standard  considerations  need  only  be  based  on  the 
potential  retinal  hazard. 

2.  Between  ~1.15  pm  and  ~1.4  pm  the  cornea,  lens,  and  iris  (and,  therefore,  also  the  lens  due  to 
indirect  thermal  heating  via  the  iris  absorption)  may  aU  be  affected  at  comparable  threshold  levels.  From 
~1.15  pm  to  ~1.3  pm  the  retina  is  also  at  risk  at  comparable  exposure  doses.  For  high-power  lasers  within 
this  wavelength  range,  safety  standard  considerations  should  perhaps  be  more  conservative  than  for  other 
wavelengths.  The  strategy  for  determining  safety  standard  MPE  levels  is  generally  to  reference  the  MPE 
to  experimental  threshold  data  for  production  of  a  minimum  visible  lesicxi  (MVL)  which,  in  most  instances, 
if  pr^uced,  would  have  no  or  only  a  minor  transient  impact  on  visual  function.  For  wavelengdis  under 
consideration  here,  the  “threshold  dose”  or  doses  only  sli^fly  in  excess  of  threshold  could  induce  ocular 
lesions  at  several  sites  within  the  eye  and  with  potentially  significant  and  long-lasting  impact  on  visual 
function.  Thus,  a  larger  margin  of  safety  may  be  desirable  between  the  threshold  dose  and  the  safety 
standard  MPE. 

3.  For  far-IR  wavelengths  (>  1.4  pm),  the  ocular  hazard  is  probably  restricted  to  the  cornea  due  to 
the  relatively  low  transmission  throiigh  the  cornea  and  aqueous  humor.  However,  for  the  short  end  of  the 
far-IR  range  (say  ~1.4  pm  to  2.5  pm)  MPE  levels  should  continue  to  be  expressed  with  relative  caution 
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since  threshold  lesions  involve  corneal  layers  deeper  than  the  epithelium  and,  hence,  imply  a  longer  lasting, 
if  not  permanent,  visual  deficit. 

Figure  16  shows  an  amended  version  of  Figure  3  with  the  L318-pm  and  L356-pm  threshold  data 
from  the  current  study  added.  The  added  datapoints  provide  a  basis  for  extrapolating  the  retinal  and 
comeal  threshold  versus  wavelength  curves  to  the  crossover  wavelength  at  -1.3  pm.  These  extrapolations 
are  shown  by  the  heavy  dashed  lines  m  Figure  16.  The  heavy  solid  lines  demonstrate  how  a  revised  MPE 
standard  might  be  drawn.  The  proposed  MPE  curve  runs  roughly  parallel  to  the  retinal  threshold  curve 
from  1.15  pm  to  the  crossover  point  at  -1.3  pm  and  then  parallel  to  the  comeal  threshold  curve  from  -1.3 
pm  to  2.0  pm.  Below  1.15  pm  and  above  2.0  pm,  the  MPE  would  remain  unchanged.  Between  1.15  pm 
and  2.0  pm  several  step  discontinuities  and  plateau  regions  of  the  MPE  are  replaced  by  the  two  linear 
segments  which  present  a  realistic  portrayal  of  the  variation  of  ocular  thresholds  witii  wavelength. 
Threshold  data  at  several  additional  wavelengtiis  within  the  range  of  1.15  pm  and  2.0  pm  are  desired  to 
strengthen  the  basis  for  the  extrapolations  drawn  in  Figure  16  and  to  lead  to  a  more  definitive 
recommendation  for  the  slopes  of  the  MPE  curve  within  this  wavelength  range. 
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Abstract 

Corneal,  lenticular,  and  retinal  damage  have  been  observed  following  exposures  to  a  laser  emitting  in  the 
near-infrared  wavelength  range  (Nd;YAG,  1.318  pim).  Ocular  damage  thresholds  are  much  higher  than 
for  visible  wavelengths.  However,  it  was  found  that  infrared  (IK)  exposures  may  result  in  multiple 
damage  sites  throughout  the  ocular  medium  and  retina;  that  exposure  sites  which  initially  appear  to  be 
unaffected  may  reveal  slowly  developing  (days  or  longer)  degeneration;  and  that  late  inflammatory 
responses  may  ultimately  spread  to  areas  of  tissue  not  directly  irradiated  by  the  laser. 

The  nature  of  tissue  degeneration  following  IR  laser  exposure  is  examined  and  compared  to  that 
following  visible  wavelength  laser  exposures  using  three  approaches:  histopathology.  scanning  laser 
ophthalmoscopy,  and  optical  coherence  tomography.  Each  approach  is  shown  to  reveal  unique  aspects  of 
the  IR  laser-tissue  interaction  when  contrasted  with  effects  induced  by  visible  wavelengths. 


Introduction 

Recent  developments  in  laser  technology  have 
yielded  a  variety  of  powerful  infrared  (IR)  laser 
sources,  many  of  which  fall  in  the  wavelength 
range  broadly  categorized  as  ‘eye-safe’.  Used  in 
this  context,  the  terminology  is  frequently  di¬ 
vorced  from  its  original  intent  as  a  relative 
descriptor  meant  only  to  convey  the  fact  that  ocu¬ 
lar  damage  thresholds  are  significantly  higher  for 
‘eye-safe'  wavelengths  than  for  elsewhere  in  the 
visible  and  IR  spectra. 

Transmission  spectra  of  the  ocular  components 
(cornea,  aqueous,  lens,  and  vitreous)  of  the  pri¬ 
mate  eye  are  plotted  in  Figure  1'.  From  this  illus¬ 
tration,  it  can  be  seen  that  transmission  through 
each  component  (and.  therefore,  transmission  to 
the  retina)  is  high  for  visible  wavelengths  and 


only  begins  to  drop  significantly  for  IR  wave¬ 
lengths  above  ~1.1  [xm,  where  water  absorption 
becomes  appreciable.  In  the  far-IR,  the  composite 
absorption  of  the  ocular  components  is  such  that 
virtually  no  incident  radiation  is  transmitted  to  the 
retina.  In  the  near-IR,  absorption  of  incident  ra¬ 
diation  is  distributed  across  the  ocular  compo¬ 
nents  and,  depending  upon  the  precise  exposure 
parameters,  damage  may  be  induced  in  one  or 
more  of  the  cornea,  lens,  and  retina/choroid. 

The  simultaneous  induction  of  laser-induced 
damage  in  several  tissues  is  perhaps  best  under¬ 
stood  by  schematizing  the  distribution  of  energy 
absorption  through  the  ocular  medium.  This  is 
done  in  Figure  2  which  compares  the  absorption 
of  0.5 14-|j,m  argon  laser  radiation  (Fig.  2a)  to  that 
for  the  1.318-|xm  NdiYAG  laser  emission  used  in 
this  study  (Fig.  2c).  Distance  into  the  eye  is  meas- 
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Fig.  1.  Transmission  spectra  of  the  components  of  the  primate 
eye.  C:  cornea;  A:  aqueous  humor;  L:  lens;  V;  vitreous  humor. 

ured  along  the  horizontal  axis,  as  indicated  in 
Figure  2b.  Figure  2a  remains  essentially  un¬ 
changed  if  any  other  visible  wavelength  is  substi¬ 
tuted  for  0.514  |im. 

The  solid  lines  in  Figures  2a  and  2c  show  the 
variation  in  absorption  coefficients  as  one  moves 
through  the  ocular  medium'.  Using  these  absorp¬ 
tion  coefficients  and  treating  each  ocular  compo¬ 
nent  as  homogeneous,  the  percent  of  corneal  inci¬ 
dent  radiation  reaching  any  given  depth  into  the 
ocular  medium  is  calculated  and  shown  by  the 
dotted  curves  in  Figures  2a  and  2c.  At  0.514  pm, 
most  of  the  comeal  incident  radiation  reaches  the 
retina,  but  at  1.318  pm,  the  transmission  to  the 
retina  is  <5%.  Taking  the  focusing  power  of  the 
eye  into  account,  the  relative  laser  irradiance  at 
any  point  along  the  horizontal  axis  can  be  ap¬ 
proximated,  and  is  plotted  as  the  dashed  curves  in 
Figures  2a  and  2c.  For  visible  wavelengths,  the 
retinal  hazard  is  readily  appreciated  from  the  high 
irradiance  level  at  the  retina,  coupled  with  a  high 
retinal  absorption  coefficient^.  At  1.318  pm,  on 
the  other  hand,  the  retinal  irradiance  exceeds  that 
incident  at  the  cornea  by  a  relatively  small  mar¬ 
gin. 

In  a  preliminary  report^  it  was  shown  that  ex¬ 
posures  in  the  ‘eye-safe’  wavelength  range  can, 
indeed,  result  in  multiple  damage  sites  throughout 
the  ocular  medium  and  the  retina.  It  was  also 
noted  that  initially  unaffected  IR  laser  exposure 
sites,  when  monitored  over  time,  may  reveal 
slowly  developing  (days  or  longer)  tissue  degen¬ 
eration,  and  that  the  tissue  degradation  may  ulti¬ 
mately  progress  to  involve  regions  surrounding 
the  discrete  areas  subjected  to  laser  radiation. 

In  this  report,  the  laser-tissue  interaction  at 


Fig.  2.  Schematic  depiction  of  penetration  of  0.514-pm  and 
1.318-nra  radiation  {2a  and  2c,  respectively)  into  an  eye  of 
focal  length,  f  {2b).  The  vertical  axes  of  2a  and  2c  are,  in  turn, 
absorption  coefficient  in  cm''  (for  the  solid  lines);  percent  of 
comeal  incident  radiation  penetrating  to  a  given  depth  into  the 
eye  (dotted  lines);  and  relative  irradiance  at  a  given  depth 
(dashed  lines).  The  relative  irradiance  is  set  equal  to  1.0  at 
the  comeal  surface. 

1.318  pm  is  further  characterized  via  confocal 
scanning  laser  ophthalmoscopy  (SLO)  and  optical 
coherence  tomography  (OCT),  as  well  as  by  ex¬ 
amining  the  associated  retinal  pathology.  For  both 
the  imaging  approaches  and  the  ocular  pathology, 
the  findings  in  IR  laser-exposed  retinal  tissues  are 
contrasted  to  those  in  argon  laser-exposed  tissues. 
The  SLO  and  OCT  imaging  techniques  are  briefly 
described  below. 


Background 

Two  imaging  technologies  (SLO  and  OCT)  which 
employ  coherent  light  sources  are  applied  to  yield 
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non-invasive,  in  situ  observations  of  ocular  tis¬ 
sues  and,  specifically,  to  detect  laser-induced 
retinal  effects.  The  imaging  techniques  allow  re¬ 
peated  post-exposure  examinations  of  the  pro¬ 
gression  of  damage,  potentially  yielding  a  more 
detailed  interpretation  of  the  laser-tissue  interac¬ 
tion  and  the  subsequent  tissue  reactions  than  does 
the  static  picture(s)  captured  by  pathological 
evaluation. 

While  the  SLO  approach  is  relatively  well  es¬ 
tablished,  use  of  a  confocal  aperture  in  the  SLO 
apparatus  has  not  been  widely  applied''’^  The 
confocal  aperture  effectively  allows  adjustment 
of  the  depth  of  the  imaged  confocal  slice  within 
the  eye.  Coupled  with  the  use  of  any  of  several 
illuminating  wavelengths,  this  technique  allows 
visualization  of  discrete  retinal  layers  and  affords 
the  opportunity  to  detect  differential  damage  ef¬ 
fects  within  those  layers. 

OCT  is  a  new  imaging  modality  that  per¬ 
mits  high-resolution,  cross-sectional  tomographic 
imaging  of  the  architectural  morphology  of  bio¬ 
logical  tissues  in  vivo*.  Imaging  is  performed  by 
directing  a  focused  light  beam  into  the  tissue  and 
using  low-coherence  interferometry  to  measure 
the  delay  time  (echo  delay)  for  the  backscattered 
light  to  return  to  the  instrument.  In  contrast  to  the 
end-face  view  provided  by  slit-lamp  and  fundus- 
copic  observations,  OCT  permits  the  imaging  of 
ocular  structures  from  the  cross-sectional  per¬ 
spective.  The  clinical  diagnostic  potential  of  OCT 
has  been  demonstrated  in  the  transparent  tissue  of 
the  eye’■^  as  well  as  in  highly  scattering  tis- 


Methods 

The  experimental  subjects  were  15  Dutch  Belted 
rabbits  (Oryctolagus  cuniculus).  Animals  used  in 
this  study  were  procured,  maintained,  and  used  in 
accordance  with  the  Animal  Welfare  Act  and  the 
“Guide  for  the  Care  and  Use  of  Laboratory  Ani¬ 
mals”  prepared  by  the  Institute  of  Laboratory 
Animal  Resources,  National  Research  Council; 
and  the  ARVO  Resolution  on  the  Use  of  Animals 
in  Research.  All  experiments  used  appropriate 
levels  of  anesthesia  (IM  injection  of  ketamine  (20 
mg/kg)  mixed  with  xylazine  (0.5-1.0  mg/kg)),  so 
the  subjects  did  not  experience  pain  or  distress. 


Pre-exposure  screening  of  subjects  to  ensure 
clear  ocular  media  and  normal  ocular  tissues  gen¬ 
erally  consisted  of  a  slit-lamp  examination,  a 
fundus  camera  examination,  fluorescein  angio¬ 
graphy,  baseline  photography  taken  while  the 
subject  was  still  in  position  at  the  fundus  camera, 
and  refraction  to  the  nearest  0.25  diopter. 

Ocular  exposures  were  made  with  a  cw  Nd: 
YAG  laser  equipped  with  a  pair  of  mirrors  to 
optimize  the  output  at  1.318  |im.  An  intracavity 
etalon  was  used  to  select  the  wavelength  of  inter¬ 
est  while  suppressing  other  Nd:YAG  emission 
lines.  The  laser  beam  was  directed  through  a  0.5- 
m  scanning  monochromator  to  a  germanium 
photodiode  to  ensure  that  the  selected  wavelength 
was  free  of  contaminating  laser  emissions.  CW 
output  was  stable  at  a  maximum^  level  of  ~2  W. 
An  electronically  controlled  mech^ical  shutter 
was  used  to  select  the  exposure  duration,  which 
was  the  variable  for  ocular  threshold  deter¬ 
minations.  Beam  profiles  were  determined  using 
a  2-D  laser  beam  analyzer.  Marker  lesions  were 
produced  on  the  subjects’  retinas  with  an  air¬ 
cooled  argon-ion  laser  with  a  cw  power  of  60 
mW  and  an  exposure  duration  of  15  msec.  Else¬ 
where,  we  have  reported  corneal,  lens,  and  retinal 
thresholds  in  both  rabbits  and  primates  for  1 .3 1 8- 
and  1.356-pm  radiation  obtained  from  the 
Nd:YAG  laser^.  The  SLO  and  OCT  observations 
discussed  in  this  paper,  as  well  as  the  pathologi¬ 
cal  evaluations,  were  conducted  only  in  rabbits 
and  only  for  one  IR  wavelength  (1.318  (im)  and 
one  visible  wavelength  (0.514  pm). 

IR  laser  exposure  times  ranged  from  one  to  ten 
seconds.  The  1.318-pm  collimated  beam  was  ~5 
mm  in  diameter  when  incident  at  the  cornea.  This 
yielded  exposure  doses  of  ~1 0-1 00  J/cm^  at  the 
cornea.  Procedures  for  delivering  laser  exposures 
and  laser  beam  diagnostics  are  described  else¬ 
where^. 

Subjects  were  examined  by  standard  fundus 
ophthalmoscopy  and  SLO  immediately  following 
laser  exposure,  and  again  at  24  and  48  hours 
postexposure.  The  Rodenstock  SLO  was  capable 
of  projecting  four  wavelengths:  argon  blue  (0.488 
fxm),  argon  green  (0.514  fim),  helium  neon  (0.633 
|j.m),  and  gallium  arsenide  (0.780  pm)^.  A  con¬ 
focal  aperture  was  employed^.  Images  were  re¬ 
corded  on  super  VHS  video  tape.  Individual 
video  frames  were  digitized  with  a  Delta  Tech- 
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nologies  image-processing  system,  and  printed. 
SLO  examinations  generally  included  fluorescein 
and  indocyanine  green  (ICG)  angiographies.  The 
former  allowed  evaluation  of  retinal  vascular 
leakage  and  blockage  from  lesion  sites  in  the  sen¬ 
sory  retina,  while  the  ICG  angiography  was  used 
to  detect  blockage  in  the  choroidal  blood  supply. 

The  OCT  instrument  utilized  a  modified  oph¬ 
thalmic  slit-lamp  to  image  in  vivo  ocular  struc¬ 
tures  of  two  rabbit  subjects.  The  subjects  con¬ 
tained  a  variety  of  corneal,  lens,  and  retinal  le¬ 
sions  induced  by  the  1.318-pm  Nd:YAG  laser^,  as 
well  as  retinal  lesions  induced  by  the  argon  laser. 
The  light  source  for  the  OCT  interferometer  was 
an  830-nrii  super-luminescent  diode  laser  that 
enabled  imaging  with  an  incident  optical  power 
of  200  |LiW.  Images  were  acquired  either  verti¬ 
cally  or  horizontally  (as  viewed  with  the  slit- 
lamp)  through  selected  lesions.  The  instrument 
achieves  a  spatial  resolution  at  the  retina  of  ^15 
|im  in  both  the  longitudinal  and  transverse  direc¬ 
tions. 

Two  rabbits  selected  for  pathological  evalua¬ 
tion  were  euthanized  with  an  overdose  of 
Nembutal.  The  retinas  were  processed  for  routine 
transmission  electron  microscopy  (TEM)*^. 
Briefly,  both  eyes  were  enucleated  and  immer¬ 
sion-fixed  within  five  minutes  of  death  with  a 
cacodylate-buffered  solution  (4®C)  containing  1% 
glutaraldehyde  and  1%  paraformaldehyde^^.  Ap¬ 
proximately  24  hours  later,  strips  of  retina  (~2x4 
mm)  containing  the  laser-induced  lesions  were 
dissected  out  for  further  processing.  Plastic  sec¬ 
tions  of  l-pm  thickness  were  first  examined  by 
light  microscopy  to  determine  lesion  centers. 
Then,  thin  sections  for  electron  microscopy  were 
cut  through  the  lesion  centers,  using  a  diamond 
knife.  The  thin  sections  were  stained  with  uranyl 
acetate  and  lead  citrate,  and  then  examined  and 
photographed  with  a  Zeiss  TEM  at  60  kV. 


Results 

Figure  3  is  a  fundus  photograph  illustrating 
retinal  lesions  induced  in  the  rabbit  eye  by  0.514- 
and  1.318-|im  laser  radiation.  The  photograph, 
taken  at  24  hours  postexposure,  shows  three  ar- 
gon-laser-induced  marker  lesions  (arrows)  and 
two  IR-laser-induced  lesions  directly  above  the 
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central  and  right-hand  marker  lesions.  The 
marker  lesions  are  -200  |im  in  diameter  and  were 
visible  immediately  following  exposure.  The  IR 
lesions  were  not  funduscopically  visible  on  the 
day  of  exposure.  By  24  hours  postexposure,  the 
IR  lesions  were  readily  detected  with  the  fundus 
camera  and,  as  seen  in  Figure  3,  were  larger  and 
more  reflective  than  the  argon  marker  lesions. 
The  IR  lesions  developed  somewhat  further  in 
size  and  reflectivity  during  the  ensuing  24-hour 
period,  but  beyond  48  hours  postexposure,  the  ap¬ 
pearance  of  the  lesions  stabilized. 

Scanning  laser  ophthalmoscopy 

SLO  observations  on  the  eye^seen  in  Figure  3  also 
failed  to  visualize  the  IR  lesions  on  the  day  of 
exposure.  By  24  hours  postexposure,  the  two  IR 
lesions  were  apparent  with  all  illuminating  wave¬ 
lengths  of  the  SLO.  Figure  4  is  an  SLO  image,  at 
24  hours  postexposure,  using  0.488-iim  illumina¬ 
tion.  The  smallest  confocal  aperture  (Cl)  was 
used,  and  the  confocal  slice  (-1.9  D)  lies  in  the 
inner  retina  but  below  the  nerve  fiber  layer 
(NFL).  In  this  image,  both  the  argon  and  IR  le¬ 
sions  have  appearances  similar  to  those  seen  with 
normal  fundus  camera  viewing  (Fig.  3).  Figure  5 
shows  a  0.488-|Lim  image  of  the  same  eye,  but 
with  the  confocal  plane  moved  in  the  anterior  di¬ 
rection  into  the  NFL.  Intact  NFL  fibers  are 
imaged  over  both  the  argon  and  IR  lesions. 

Figure  6  shows  an  SLO  image  of  the  same  eye 
using  0.780-pm  illumination,  but  with  all  other 
viewing  conditions  as  in  Figure  4.  With  0.780-|im 
illumination,  the  image  is  moved  deeper  into  the 
retina.  The  argon  lesions  at  this  plane  are  the 
same  size  as  in  Figure  4,  but  exhibit  dark  central 
areas.  The  IR  lesions  are  considerably  larger  and 
more  diffuse.  Further,  several  additional  IR  le¬ 
sions  are  now  detected.  The  additional  IR  lesions 
are  seen  at  sites  directly  below  and  in  between 
the  argon  marker  lesions,  and  resulted  from  expo¬ 
sure  doses  ranging  from  ^0.25  to  1.0  times  the 
dose  required  to  induce  the  IR  lesions  visible  in 
Figures  3  and  4.  These  additional  lesions  were 
not  visualized  with  the  SLO  imaging  wavelengths 
other  than  0.780  pm,  nor  with  the  white  light 
fundus  camera  illumination. 

Fluorescein  angiography  at  24  hours  post- 
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Fig.  3.  fundus  photograph  showing  IR  (1.318  pm)  and  argon 
(0.514  pm)  laser-induced  lesions  in  the  rabbit  eye.  Arrows 
indicate  the  three  argon  marker  lesions.  The  photograph  was 
taken  24  hours  after  laser  exposures. 


Fig.  5.  SLO  image  (20°  field  of  view)  taken  with  the  same 
viewing  conditions  as  for  Figure  4,  but  with  confocal  slice 
moved  in  the  anterior  direction  to  visualize  the  nerve  fiber 
layer. 


Fig.  4.  SLO  image  (40°  field  of  view)  of  the  same  eye  as  that 
seen  in  Figure  3  taken  with  0.488-pm  illumination  and  using 
the  smallest  confocal  aperture.  The  image  was  taken  at  24 
hours  following  laser  exposures. 


Fig.  6.  SLO  image  (40°  field  of  view)  taken  with  0.780-pm 
illumination,  but  with  other  viewing  conditions  the  same  as 
for  Figure  4. 


exposure  showed  leakage  at  the  argon  lesion 
sites,  but  not  elsewhere.  The  filling  pattern  indi¬ 
cated  some  blockage  of  retinal  vessels  across  the 
area  between  the  two  argon  and  two  IR  lesions  in 
Figure  3.  ICG  angiography  showed  choroidal 
blockage  and  diffuse  staining  at  the  IR  exposure 
sites. 

Optical  coherence  tomography 

OCT  images  through  the  centers  of  retinal  lesions 
induced  by  0.514-  and  1.318-|im  laser  radiation 


are  shown  in  Figure  7.  The  OCT  images  were 
also  taken  at  24  hours  postexposure,  and  laser  ex¬ 
posure  doses  were  comparable  to  those  which 
produced  the  funduscopically  visible  lesions  seen 
in  Figures  3-6.  The  top  panel  of  Figure  7  is  an 
image  through  a  1.318-|Lim  lesion  (an*ow).  The 
bottom  panel  is  a  cut  through  three  adjacent  argon 
lesions  (arrows).  The  color  bar  under  the  images 
scales  the  intensity  of  tissue  backscatter.  The  red/ 
white  end  of  the  scale  represents  the  highest 
backscattering,  while  the  blue/black  end  is  associ¬ 
ated  with  the  lowest  backscattering. 
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Fig.  7.  OCT  images  comparing  a  1.318-|im  retinal  lesion  (upper  panel)  to  three  0.514-pm  lesions  in  the  same  eye  (lower  panel). 
The  images  were  taken  at  24  hours  following  laser  exposures. 


Several  retinal  features  are  explicitly  visualized 
in  the  OCT  images,  including  the  outer  plexifonn 
layer  (OPL)  and  the  retinal  pigment  epithelium 
(RPE)/choroid  interface,  which  appear  as  the  up¬ 
per  and  lower  highly  scattering  red  layers,  re¬ 
spectively.  Below  the  RPE,  the  backscatter  signal 
is  gradually  attenuated  as  one  moves  deeper  into 
the  choroid.  The  inner-limiting  membrane  (ILM) 
of  the  retina  is  clearly  delineated  from  the  vitre¬ 
ous  humor.  Normal  retina  is  found  at  the  right 
and  left  borders  of  the  images. 

The  1.318-)im-induced  damage  seen  in  Figure 
7  (upper  panel)  is  pronounced  in  the  OPL  and  the 
adjacent  outer  nuclear  layer  (ONL).  There  is  also 
a  noticeable  increase  in  backscatter  throughout 
the  inner  retinal  layers.  In  contrast,  the  argon  le¬ 
sions  (bottom  panel),  exhibit  more  extensive 
damage  in  the  deeper  retinal  layers  including  the 
RPE  and  choroid.  In  all  three  argon  lesions,  el¬ 
evation  of  the  retina  is  observed,  possibly  due  to 
the  rapid  heating  and  vacuolization  within  the 
retina.  The  right-most  lesion  also  show’s  a  vacuole 
below  the  ILM.  involving  the  NFL  and  ganglion 
cell  layers. 


Figure  8  shows  OCT  images  acquired  from  the 
anterior  chamber  (left  panel)  and  retina  (right 
panel)  of  an  eye  which,  two  months  earlier,  had 
received  a  2  W,  ~  10-second  exposure  to  the 
1.3I8-|Lim  Nd:YAG  laser.  Thus,  the  exposure 
dose  is  comparable  to  those  which  induced  the  IR 
lesions  seen  in  Figures  3-6  but,  in  this  instance, 
the  laser  beam  diameter  incident  at  the  cornea 
was  ^1  mm  instead  of  5  mm.  As  a  result 
of  the  higher  irradiance  level  incident  at  the 
eve.  corneal  and  lenticular  lesions  were  induced 
in  addition  to  the  retinal  lesion.  Slit-lamp  and 
fundus  camera  photographs  of  these  lesions  have 
been  published  in  an  earlier  report^. 

The  corneal  and  lenticular  lesions  are  visual¬ 
ized  in  the  left  panel  of  Figure  8,  Significant 
opacification  is  indicated  in  the  nuclear  region  of 
the  lens,  while  relatively  minor  damage  is  seen  in 
the  cornea.  The  path  of  the  laser  beam  through 
the  aqueous  humor  is  visualized,  although  this 
opacification  is  also  minor. 

The  retinal  image  of  Figure  8  indicates  that,  at 
two  months  postexposure,  the  disruption  of  the 
inner  retinal  layers  is  more  pronounced  than  at  24 
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Fig,  8.  OCT  images,  taken  at  two  months  postexposure,  illustrating  1.318-pm  anterior  chamber  lesions  (left  panel)  and  a  retinal 
lesion  (right  panel)  in  the  same  eye,  with  all  the  lesions  induced  by  the  same  exposure. 


hours  postexposure  (Fig.  7).  The  OPL/ONL  dam¬ 
age  is  similar  in  appearance  to  that  observed  at  24 
hours  postexposure,  while  the  deeper  retinal  lay¬ 
ers  remain  relatively  unaffected.  This  OCT  image 
is  to  be  reconciled  with  the  funduscopic  appear¬ 
ance  of  the  lesion  at  two  months  postexposure, 
shown  in  Figure  9.  Whereas  the  24-hour  post¬ 
exposure  fundus  camera  observation  revealed  an 
--500-|Tm  circular  lesion  and  that  appearance  was 
stable  with  several  viewings  over  the  next  ten 
days,  by  two-months  postexposure,  the  effect  had 
progressed  to  the  large  (--1  mm)  irregularly 
shaped  lesion  seen  in  Figure  9.  This  irregularly 
shaped  lesion  which,  upon  funduscopic  and  SLO 
observations,  appeared  to  involve  the  anterior 
retina,  slowly  dispersed  so  that  by  three  months 
postexposure  the  underlying  circular  lesion  was 
again  revealed. 


Fig.  9.  Fundus  photograph,  taken  at  two  months  postexposurc. 
of  the  same  eye  as  that  seen  in  Figure  8.  illustrating  the  large 
(~1  mm),  irregularly  shaped  retinal  lesion  which  had  devel¬ 
oped  at  the  site  of  a  1.318-|.im  laser  exposure. 
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Fig,  10.  Light  micrographs  through  the  centers  of  the  IR  lesions  shown  in  Figure  3.  lOa.  Larger  of  the  two  IR  lesions;  I  Ob.  smaller 
(right  hand)  of  the  two  IR  lesions.  The  tissue  was  fixed  at  48  hours  following  laser  exposures. 
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Retinal  pathology 

Figures  10a  and  10b  are  light  micrographs 
through  the  centers  of  the  two  IR  lesions  seen  in 
Figure  3.  The  ocular  tissues  were  fixed  at  ~48 
hours  postexposure.  Figure  10a  corresponds  to 
the  larger  ophthalmoscopic  lesion  but,  in  fact,  the 
two  exposure  sites  received  equal  doses  of  IR  ra¬ 
diation.  Injury  appears  to  be  centered  in  the  ONL. 
Photoreceptor  inner  and  outer  segments  (IS  and 
OS,  respectively)  both  show  degenerative 
changes.  OSs  are  separated  about  halfway  along 
their  length,  and  the  OS  tips  are  embedded  in  the 
apical  portions  of  the  RPE.  Inflammatory  cells 
(arrows)  are  present  in  the  vitreous  close  to  the 
ILM.  Some  nuclei  in  the  inner  nuclear  layer 
(INL)  stain  dark,  but  involvement  is  much  less 
than  in  the  ONL.  The  large  subretinal  vacuoles 
(V)  (typical  for  suprathreshold  laser-induced 
retinal  lesions)  are  produced  by  RPE  swelling  and 
edema,  although  they  may  be  exaggerated  by  ad¬ 
ditional  artifactual  separation.  (Note  that  this  type 
of  artifact  would  not  be  present  in  the  OCT  im¬ 
age.)  From  Figure  10b,  it  appears  that  some  of  the 
vitreous  inflammatory  cells  are  adherent  to  the 
ILM  and  that  some  OSs  are  attached  to  the  RPE 
near  the  lesion  center. 

Figures  11a  and  11b  are  light  micrographs 
through  the  centers  of  the  central  and  right-hand 
argon  lesions  seen  in  Figure  3.  Photoreceptors 
have  darkly  stained  nuclei  (arrows)  and  show  de¬ 
generative  changes  along  their  full  length.  The 
amount  of  RPE  swelling  is  much  greater  than  in 
the  IR  lesions,  and  vacuoles  are  apparent  in  the 
subretinal  space.  OS  tips  are  not  attached  to  the 
RPE  apical  processes.  There  are  very  few  inflam¬ 
matory  cells  in  the  vitreous  above  the  lesions.  In¬ 
stead,  more  macrophages  are  observed  in  the 
subretinal  space  than  were  found  at  IR  lesion 
sites. 

Figures  12a  and  12b  are  light  micrographs 
taken  near  the  centers  of  two  lower  dose  IR  expo¬ 
sure  sites.  Lesions  (L)  at  these  sites  were  visual¬ 
ized  only  with  0.780-|im  SLO  observation  (Fig. 
6).  The  only  evidence  of  degenerative  change  at 
48  hours  postexposure  are  the  few  dark  nuclei  in 
the  ONL  (arrows),  the  slight  vacuolization  in  the 
RPE,  and  slight  swelling  in  the  inner  retina. 

Figures  13a,  13b  and  13c  are  TEM  micrographs 
showing  control  retina,  the  center  of  the  larger  IR 


lesion  seen  in  Figure  3,  and  the  center  of  the  cen¬ 
tral  argon  lesion  seen  in  Figure  3,  respectively. 
The  control  retina  (Fig.  13a)  illustrates  normal 
OS,  IS,  RPE,  and  choroid.  In  the  center  of  the  IR 
lesion  (Fig.  13b),  OSs  have  rounded  up,  i.e.,  outer 
portions  of  broken  OSs  have  formed  circular  pro¬ 
files  with  vacuolated  membranes  found  in  the 
centers.  The  RPE  appears  to  be  missing  some 
melanin  granules,  and  the  cytoplasm  is  edematous 
and  lightly  stained,  but  intact.  Bruch’s  membrane 
shows  an  increased  lamellar  density  (arrows). 
Polymorphonuclear  leukocytes  (PMNs)  are  pres¬ 
ent  in  the  choroidal  vasculature,  which  is  not  con¬ 
gested. 

Figure  13c,  taken  through  the  center  of  the  ar¬ 
gon  lesion  shows  OSs  with  a  finer  vesiculation 
(FV)  or  none  at  all.  Large  macfbphages  (M)  are 
seen  engulfing  outer  segment  debris  (double  ar¬ 
rows)  and  melanin  granules  (airows).  The  RPE 
shows  more  extensive  vacuolizaition  than  in  the' 
IR  lesions  and  the  underlying  choroidal  vessels 
show  congestion  (C). 


Discussion 

The  results  demonstrate  both  the  unique  nature  of 
the  IR-laser-induced  ocular  damage  and  the 
power  of  the  SLO  and  OCT  techniques  in  detect¬ 
ing  such  damage  and  differentiating  the  effects 
within  the  various  layers  of  the  ocular  medium 
and  retina/choroid.  Noteworthy  is  the  fact  that  the 
SLO  was  able  to  detect  IR-induced  lesions  in  the 
retina  (Fig.  6)  even  when  the  exposure  dose  was 
below  that  which  yielded  lesions  detectable  by 
fundus  camera  observation.  Also  of  interest  is  the 
OCT  image  revealing  the  path  of  the  1.318-|4,m 
laser  beam  through  the  aqueous  humor  at  two 
months  postexposure  (Fig.  8).  The  ‘track’  is 
clearly  seen  to  be  in  line  with  the  comeal  and  lens 
lesions  induced  by  the  1 .3 1 8-|J.m  exposure,  and  is 
prominent  even  when  the  imaging  beam  is  not 
aligned  with  normal  incidence  to  the  comeal  and 
lens  surfaces.  This  latter  observation  differenti¬ 
ates  the  aqueous  scattering  from  OCT  artifact 
usually  associated  with  specular  reflection.  There 
may  be  an  analogy  between  the  secondary  aque¬ 
ous  reaction  (visualized  between  the  comeal  and 
lens  lesions)  and  the  delayed  inflammatory  re¬ 
sponse  (also  noted  at  two  months  postexposure; 
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Fig.  1 1.  Light  micrographs  through  the  centers  of  the  argon  marker  lesions  shown  in  Figure  3.  IJa.  Center  marker  lesion;  lib.  right- 
hand  marker  lesion. 
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5ee  F/g.  9)  involving  the  retinal  lesion  and  adja¬ 
cent  vitreous. 

With  1.318-|am  exposure  doses  sufficient  to  in¬ 
duce  funduscopically  visible  retinal  lesions,  both 
SLO  and  OCT  ima<^in^  indicate  involvement  of 


the  inner  retina.  But  stepping  through  the  retinal 
layers  with  the  SLO  shows  that  the  lesions  are 
largest  and  most  readily  detected  in  the  outer 
retina  (Fig.  6).  Pathological  evaluation  shows  that 
the  1.318-um  lesions  are  centered  in  the  ONL. 
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Fig.  I3c. 

Fig.  IS.  TEM  micrographs  through:  ISa.  the  control  tissue:  1 3b.  the  center  of  the  large  IR  lesion  in  Figure  3;  and  13c.  the  center 
of  the  central  argon  lesion  in  Figure  3. 


Comparing  the  pathology  of  the  argon  and  IR 
retinal  lesions  at  48  hours  postexposure  (Figs.  10 
to  13),  reveals  that  the  argon  lesions  show  more 
RPE  involvement  than  the  IR  lesions,  but  that 
photoreceptor  nuclear  involvement  was  greater 
with  the  IR  exposures.  Inner  nuclear  layer  re¬ 
sponse  was  also  greater  in  the  IR  lesions.  Further, 
the  pronounced  inflammatory  reaction  observed 
at  the  vitreous-ILM  interface  suggests  that  the  IR 
exposures  induced  more  inner  retinal  effects.  All 
these  observations  emphasize  that  the  gradual  tis¬ 
sue  absorption  of  the  IR  radiation  results  in  in¬ 
volvement  of  the  full  retinal  thickness. 

The  argon  marker  lesions  seen  in  Figures  3  to  6 
were  induced  by  exposures  much  higher  than  the 
threshold  dose  required  to  produce  a  minimal  vis¬ 
ible  lesion.  At  threshold,  the  argon  lesion  would 
be  ^20-30  jum  in  diameter  and  the  damage  con¬ 
fined  primarily  to  the  RPE  layer^*^  where  the 
greatest  part  of  the  absorption  occurs.  Only  as  the 


exposure  does  is  increased  above  threshold  does 
the  thermal  conduction  away  from  the  highly  ab¬ 
sorbing  RPE  layer  result  in  damage  to  more  distal 
retinal  and  choroidal  tissues.  In  contrast,  the 
1.318-p.m  lesion  at  threshold  (/.e.,  at  the  lowest 
exposure  does  which  produces  an  ophthal- 
moscopically  detectable  lesion)  is  already  several 
hundred  microns  in  diameter,  in  part  because 
chromatic  aberrations  at  this  wavelength  yield  a 
much  larger  image  diameter  at  the  retina.  And,  as 
indicated  above,  the  threshold  IR  lesions  involves 
the  full  thickness  of  the  retina.  ICG  angiography 
and  the  pathological  evaluation  also  indicate  mi¬ 
nor  choroidal  involvement. 

The  1.318-|Lim  retinal  effect  also  differs  from 
thermal  damage  following  visible-wavelength  la¬ 
ser  exposures,  both  in  the  long  delay  times  before 
ophthalmoscopically  visible  lesions  are  first  ob¬ 
served  and  in  the  late  progressive  effects  which 
have  been  detected.  Visible-wavelength  laser-in- 
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duced  lesions  are  generally  observed  shortly  fol¬ 
lowing  exposure  and,  within  hours,  stabilize  so 
that  no  further  changes  in  appearance  are  noted, 
save  for  the  gradual  fading  in  reflectivity  over  a 
period  of  months.  In  contrast,  the  IR  retinal  le¬ 
sions  were  first  detected  only  upon  re-examina- 
tion  of  subjects  on  the  day  following  exposure, 
and  thereafter.  This  delay  time  in  the  formation  of 
observable  damage  is  suggestive  of  a  damage 
mechanism  such  as  thermally-induced  programm¬ 
ed  cell  death  or  apoptosis‘s.  Funduscopically,  the 
IR  lesions  reached  maximum  intensity  at  '^48 
hours  postexposure.  Pathological  evaluation  at 
that  time  revealed  the  presence  of  numerous  in¬ 
flammatory  cells  in  the  vitreous  and  at  the  ILM 
interface  directly  above  the  IR  retinal  lesion.  The 
suggestion  is  made  that  this  finding  is  a  prognos¬ 
ticator  of  the  late  inflammatory  response  which 
expressed  itself  as  the  large,  irregularly  shaped 
opacity  found  at  a  1.318-|J,m  exposure  site  at  two 
months  postexposure  (Fig.  9).  SLO  observation  of 
the  two-month  inflammatory  response  indicated 
strong  involvement  of  the  inner  retina.  Continued 
monitoring  of  the  subject  showed  that  the  inflam¬ 
matory  response  gradually  cleared  during  the  fol¬ 
lowing  month,  so  that  by  three  months  postex¬ 
posure  the  underlying  circular  lesion  was  again 
visualized. 

In  summary,  the  IR  wavelength  studied  (1.318 
\im)  defines  the  upper  limit  of  wavelength  where 
there  is  still  sufficient  transmission  through  the 
ocular  medium  to  affect  the  retina  of  the  eye‘’^. 
Because  such  a  large  percentage  of  the  incident 
IR  laser  radiation  is  absorbed  by  the  ocular  me¬ 
dium,  and  because  that  radiation  which  reaches 
the  retina  is  not  focused  to  as  small  an  image  size 
nor  absorbed  there  as  strongly  as  visible  wave¬ 
lengths,  a  very  high  dose  of  IR  must  be  incident 
at  the  cornea  to  cause  detectable  funduscopic 
damage  to  the  retina.  Thus,  the  term  ‘eye-safe’ 
has  been  applied  even  to  higher  power  lasers  in 
this  segment  of  the  IR  wavelength  region.  How¬ 
ever,  it  should  be  emphasized  that  applying  the 
term  ‘eye-safe’  to  a  given  wavelength  or  wave¬ 
length  band  without  regard  to  the  laser  power 
level  and  other  beam  characteristics,  is  inconsist¬ 
ent  with  published  laser  safety  standards.  Further, 
we  report  several  observations  which  belie  the 
‘eye-safe’  terminology.  First,  a  threshold  IR  le¬ 
sion  involves  a  volume  of  retinal  tissue  many  or¬ 
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ders  of  magnitude  greater  than  that  affected  by  a 
threshold-visible  laser  exposure  and,  hence,  rep¬ 
resents  a  more  serious  injury.  Second,  the  usual 
threshold  definition  of  a  minimal  visible  lesion 
detected  by  funduscopic  observation  is  not  appro¬ 
priate  for  the  IR  wavelength,  since  the  monochro¬ 
matic  SLO  imaging  can  detect  retinal  effects  in¬ 
duced  by  significantly  lower  exposure  doses. 
These  observations,  together  with  the  delayed  in¬ 
flammatory  responses  observed  histologically 
(Fig.  10)  and  funduscopically  (Fig.  9),  suggest 
that  serious  visual  consequences  may  develop  fol¬ 
lowing  a  ‘threshold’  IR  laser  exposure. 
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CO2  Laser  Effects  on  the  Skin  and  Cornea 

Bruce  E.  Stuck,  US  Army  Medical  Research  Detachment,  Walter  Reed  Army  Institute  of 
Research,  7914  A  Drive,  Brooks  AFB,  TX  78235-5138 

ABSTRACT 

The  ANSI  Z136.1  -  1993  permissible  exposure  limits  in  the  far  infrared  are  primarily 
based  on  a  robust  data  base  describing  comeal  and  cutaneous  threshold  effects  for 
carbon  dioxide  (CO2)  laser  radiation  at  10.6  pm.  The  dependence  of  the  minimally 
visible  comeal  lesion  dose  and  the  minimal  erythemic  dose  on  exposure  durations  from 
lO'^  to  10  seconds  are  described  and  compared  with  the  Z136.1  permissible  exposure 
limits.  In  Z136. 1,  permissible  exposure  limits  are  not  dependent  on  wavelength  from 
2.6  pm  to  1  mm.  At  the  wavelength  of  1  mm  (300  GHz),  the  IEEE  C95. 1  -  1991  and 
the  Z136.1  are  in  harmony  at  10  mw/cm^  for  long  exposure  durations  (10  seconds)  and 
large  irradiance  diameters  (area  >1000  cm^  -Z136.1  Section  8.4.2).  Absorption 
coefficients  based  predominantly  on  available  water  absorption  data  in  the  mfrared  (1  - 
10  pm)  are  compared  to  those  in  the  1-  10  mm  region.  While  10.6  pm  is  absorbed 
more  strongly  than  mm  wavelengths,  infrared  wavelengths  in  the  3.6  to  3.9  pm  have 
comparable  absorption  depths  (based  on  water  absorption).  The  wavelength 
dependence  of  comeal  thresholds  for  pulsed  laser  exposure  is  indicative  of  the  relative 
absorption  of  the  cornea.  Thermal  models  which  adequately  describe  comeal  and 
cutaneous  injury  threshold  data  should  be  applied  to  the  mm  wavelength  region.  More 
experimental  data  are  needed  for  repetitive  pulse  and  long  exposme  durations  for 
mfrared  wavelengths  (or  mm  wavelengths)  where  the  absorption  varys  sigmficantly. 
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Need  more  biological  data 
Beware  of  athermal  effects 


The  ANSI  Z1 36.1 -1993  and  the  IEEE  C95.1-1991  Standards 


and  1000  cm^,  the  MPE  for  exposure  durations  exceeding  10  s  is  10,000/As ,  where  As  is  the  area  of 
the  exposed  skin  in  cm^.  For  exposed  skin  areas  exceeding  1000  cm^ ,  the  MPE  is  10  mW/cm^. 
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ACUTE  THERMAL  CATARACTS  FROM  ANIMAL  DATA 

M.L.  Wolbarsht 
Duke  University 

Abstract 


Two  theories  for  cataract  formation  by  IR  radiation  are  reviewed; 
Goldmann's  h3T)othesis  that  cataracts  result  from  heat  transferred  to 
the  lens  from  the  IR  absorbed  by  the  iris  is  contrasted  with  Vogt's 
hypothesis  in  which  the  IR  energy  is  absorbed  directly  by  the  lens. 
Data  shows  that  cataracts  can  be  formed  by  both  mechanisms  and  that 
cataracts  resulting  from  long-term  exposures  are  most  likely  in  accord 
with  Vogt's  hypothesis.  Data  from  laser  and  IR  heat  lamp  exposures  to 
in  vivo  lenses  and  incubated  whole  lenses  and  various  extracted  lens 
crystallins,  as  well  as  electrophoresis  of  lens  crystallins  on 
polyacrylamide  gels  and  other  types  of  substrates,  show  conversion  of 
soluble  a  and  /3h  crystallins  into  insoluble  protein  factions  with  high 
molecular  weight  as  a  result  of  exposure  to  broad  band  heat  or  narrow 
band  IR  laser  radiation.  Sul)- threshold  laser  exposure  levels  produce 
a  markedly  decreased  mobility  of  the  ^  crystallins  in  the  lens. 
Superthreshold  exposure  1 svels  which  produce  cataracts  show 
reciprocity  between  exposure  power  level  and  duration  over  many  orders 
of  magnitude  even  when  the  dose  is  fractionated  and  delivered  over 
several  days.  This  constant  energy/dose -related  requirement  for 
cataract  formation  suggests  major  contributions  from  photochemical 
rather  than  thermal  mechani sms ,  while  the  partial  failure  of  this 
relation  for  longer  exposures  possibly  indicates  a  some  type  of  repair 
process . 
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Introduction 

There  are  two  conventional  theories  for  the  etiology  of  infrared 
cataracts.  One  theory  (Goldraann,  1933)  holds  that  radiant  energy  in 
the  infrared  is  absorbed  in  the  iris  and  converted  into  heat  that  is 
subsequently  transferred  to  the  lens  leading  to  a  "thermal"  cataract. 
A  different  theory,  also  based  on  a  thermally  mediated  train  of 
events,  was  proposed  by  Vogt  (1912,  1932)  in  which  direct  absorption 
of  radiant  energy,  particularly  in  the  infrared,  by  the  lens  heats  it 
and,  thereby,  initiates  cataract  formation.  This  later  theory  ignores 
the  relatively  low  absorption  by  the  lens  in  the  visible  spectrxmi  and 
its  only  slightly  greater  absorption  in  the  near  infrared.  However, 
present  data  does,  indeed,  indicate  a  possible  damage  mechanism  for  IR 
cataractogenesis  depending  on  direct  absorption  by  the  lens,  albeit 
the  mechanism  is  photochemical  rather  than  thermal  (Pitts  et  al., 
1981;  Wolbarsht,  1980).  These  data  further  suggest  that  such  a 
photochemical  mechanism  for  IR  cataractogenesis  in  humans  could  act  by 
repeated  sub -acute  threshold  exposures  extending  over  long  periods  of 
time,  perhaps  years,  to  develop  a  lenticular  opacity.  Such  an 
exposure  would  almost  certainly  be  at  a  level  which  exceeds  the 
present  environmental  expos  ire  limits.  However,  present  data  is 
indirect,  as  it  is  based  on  short-term  animal  high  power  level 
exposures  in  the  laboratory  and  long-term  human  epidemiological 
studies . 

There  are  many  kinds  of  industrial  exposures  which  exceed  presently 
accepted  exposure  limits:  glass  blowing,  steel  puddling,  and  similar 
foundry  occupations.  In  general,  a  higher  instance  of  cataracts  in 
the  involved  individuals  has  been  reported  in  these  occupations. 
Reviews  of  the  infrared  ei.posure  in  the  Swedish  iron  and  steel 
industry  (Lydahl  et  al.  ,  1984;  Lydahl,  1980)  indicate  only  that  the 
associated  ultraviolet  exposures  were  unlikely  to 

initiate  any  of  the  cataracts  found,  as  any  ultraviolet  irradiance  was 
usually  a  thousand  times  or  more  below  that  of  sunlight.  Thus,  IR 
cataractogenesis  from  industrial  exposures  seems  to  be  a  reality. 

The  problem  of  catai  actogenesis  can  be  compared  to  the 
development  of  photokeratitis  from  ultraviolet  laser  exposures  in  that 
there  is  a  delay  between  the  exposure  and  any  obvious  s3miptoms.  UV 
photokeratitis  does  not  appear  until  hours  after  the  exposure,  and 
this,  of  course,  makes  it  c.ifficult  for  the  victim  to  connect  the 
symptoms  with  the  laser  exposure.  However,  any  ophthalmologist  called 
upon  to  examine  a  patient  wh(jse  work  may  allow  exposure  to  a  nitrogen 
laser  (337  nm)  and  who  has  awakened  in  the  middle  of  the  night  with  a 
burning  sensation  in  the  cornea  will  immediately  understand  that  such 
a  laser  exposure  could  be  relevant  to  the  patient's  symptoms. 
However,  the  much  longer  delay  between  symptoms  and  exposure  implicit 
in  a  chronic  situation  makes  it  more  difficult  to  establish  a  cause 
and  effect  relation  for  this  mode  of  cataractogenesis.  The  patient 
who  maintains  that  cataract  development  has  resulted  from  previous 
work  with  Er:YAG  lasers  (1,300  nm)  as  long  as  twenty  years  ago  could 
well  be  engaged  in  a  protracted  controversy,  for  experimental  evidence 
is  lacking  to  determine  if  this  type  of  IR  laser  either  initiated  or 
accelerated  the  development  of  a  cataract  which  becomes  manifest  in 
later  life.  However,  the  data  cited  from  acute  experiments  in  this 
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report  gives  a  stronger  link  for  the  existence  of  chronic  IR 
cataracts . 


Relevant  Experimental  Data 

The  main  evidence  for  a  photochemical  mechanism  of  cataract  formation 
following  IR  exposure  lies  in  the  reciprocity  between  the  exposure 
power  level  and  duration,  i.e.  there  is  a  strong  relation  between  the 
cataract  appearance  and  total  dose.  Nevertheless,  the  same  threshold 
energy  is  required  to  give  a  cataract  under  the  two  different  power 
levels  of  exposure  which  differed  by  a  factor  of  10  with  the  exposure 
durations  inversely  related. 

Experiments  by  Wolbarsht  and  colleagues  (1977),  as  shown  in  figure  1, 
indicate  unequivocal  cataract  development  by  direct  lens  irradiation. 
A  CW  Nd:YAG  laser  was  used  with  power  levels  ranging  from  0.1  W  to  2  W 
over  exposure  periods  that  varied  by  a  factor  of  20  and,  in  addition, 
were  fractionated  over  a  period  of  days .  The  calculated  temperature 
rise  in  any  single  exposure  was  less  than  1°  C.  The  threshold  for 
cataract  formation  was  around  100  J  over  an  area  3  mm  in  diameter  on 
the  surface  of  the  lens  (approximately  1,400  J/cra^)  with  a  variation 
of  exposure  from  50  -  1,050  s.  The  longest  duration  spread  was  two 
days .  This  reciprocal  relation  between  power  level  and  exposure 
duration  seems  to  indicate  a  true  dose  related  effect.  It  should  be 
noted  that  these  experiments  also  confirmed  that  high  levels  of  the 
radiation  to  the  iris  alone  <iasily  produced  cataracts  in  the  adjacent 
lens  surface,  as  suggested  by  Goldmann  (1933).  That  is,  when  a 
sufficiently  intense  IR  laser  beam  is  directed  to  the  iris  alone, 
there  is  damage  to  the  anterior  surface  of  the  lens  immediately  behind 
the  iris.  It  is  also  evident  that  from  this  location,  the  lens 
opacity  spreads  through  the  affected  lens  fibers  to  form  a  larger, 
perhaps  even  denser,  cataract  on  the  posterior  pole  due  to  the 
enlargement  of  the  individual  lens  fibers  in  that  region. 

Further  data  is  available  from  Pitts  and  Cullen  (1981)  to  show  a  dose 
related  effect  as  shown  in  figure  2.  Although  Pitts  and  Cullen 
interpreted  their  results  as  supportive  of  Goldmann' s  hypothesis  in 
which  the  cataract  results  from  the  transfer  of  heat  from  the  iris  to 
the  lens,  nevertheless,  an  examination  of  their  data  shows  a  strong 
tendency  towards  a  constant  dose  relation  (approximately  3,500 
J/cm"2) ^  and  since  a  large  pupil  was  used  during  the  exposure,  some, 
if  not  most,  of  the  radiation  was  delivered  directly  to  the  lens. 
This  reciprocity  between  e-cposure  time  and  the  irradiance  level 
compels  serious  consideration  of  a  photochemical  mechanism  located  in 
the  lens  itself.  Although  it  was  true  that  in  some  experimental 
situations,  Pitts  and  Cullen  did  not  confine  the  radiation  to  the  lens 
alone  and  much  went  through  the  cornea  onto  the  iris ,  a  maj  or 
contribution  to  cataract  fornation  in  their  experiments  must  have  been 
a  direct  radiation  effect  on  the  lens .  In  any  exposure  in  which  the 
cataract  is  not  due  to  heat  transfer  from  the  iris ,  then  any 
absorption  by  the  iris  can  be  thought  of  as  a  shielding  effect.  When 
cataracts  were  obtained  by  Pitts  and  Cullen,  the  threshold  was 
approximately  3,500  J  over  a  power  range  of  2  to  4  W/cm’2,  In  the 
primate  (monkey)  eye  with  exposure  conditions  also  involving  the  iris, 
the  threshold  for  cataract  formation  was  higher  by  a  factor  of  almost 
3.  Part  of  that  may  be  due  to  iris  shielding,  but  even  with  the  iris 
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acting  as  a  shield,  a  dose  related  effect  is  still  seen  over  the  range 
of  values  given  by  Pitts  and  Cullen  (1981).  However,  they  made  no 
tests  on  the  monkey  with  radiation  acting  directly  on  the  lens  without 
also  involving  the  iris. 

The  factor  of  approximately  2.5  difference  in  dose  between  the  data  of 
Wolbarsht  et  al.  (1977),  Wolbarsht  (1978a),  and  that  of  Pitts  and 
Cullen  (1977)  may  express  a  real  failure  in  reciprocity.  However, 
there  are  several  other  factors  contributing  whose  magnitude  is 
unknown  but  which  would  act  to  bring  these  two  sets  of  values  closer 
together.  The  Pitts  and  Cullen  data  did  not  represent  any 
monochromatic  exposures,  and  corrections  due  to  the  IR  action  spectrum 
could  be  sizable.  Also,  the  exposures  in  the  earlier  experiments  were 
not  confined  to  the  lens.  Some  energy  was  incident  upon  the  iris 
which  would  have  lowered  the  effective  lens  dose  as  found  in  the 
experiments  of  Wolbarsht  et.  al.(1977).  Even  the  monkey  data  of  Pitts 
and  Cullen  (1981)  is  only  larger  by  a  factor  of  7  which  could  well  be 
explained  by  the  lens  shielding  by  the  iris  as  discussed  above  as  well 
as  any  species  differences  in  lens  proteins. 

Direct  irradiation  of  in  vitro  rabbit  lenses  or  calf  lens  homogenates 
by  IR  lasers  and  IR  only  heat  lamps  produced  shifts  in  concentration 
of  various  lens  crystallins  ;Wolbarsht,  1980).  In  these  experiments, 
the  whole  lenses  were  also  incubated  at  several  different 
temperatures.  As  can  be  seen  from  this  figure,  after  incubation  and 
irradiation,  the  a  crystallin  components  were  changed  markedly.  They 
were  less  mobile,  and  the  soluble  fractions  disappeared  while  large 
insoluble  aggregates  appeared.  Other  changes  in  electrophoretic  gel 
band  structure  are  probably  due  to  changes  in  the  /3  crystallins.  The 
control  lens  band  structure  remained  the  same  as  that  in  fresh  lenses 
even  though  the  control  lenses  were  incubated  for  over  24  h  at  37^  C, 
thus,  indicating  the  gel  changes  were  due  only  to  the  exposure  to  the 
heat  lamp. 

However,  in  those  same  studies  (Wolbarsht  et  al.,  1977;  Wolbarsht, 
1978b,  1980),  neither  electron  probe  microanalysis  of  elemental 
concentrations  nor  gas  chromatography  of  the  relative  concentrations 
of  the  various  amino  acids  showed  any  clear  cut  changes  in 
sub -threshold  or  markedly  c^.taractous  irradiated  lenses  as  compared 
with  controls.  This  indicated  that  the  IR  mediated  changes  did  not 
result  from  any  specific  clemical  reactions  involving  amino  acids. 
Rather,  as  other  data  from  incubated  lenses  showed,  the  cataracts 
resulted  from  changes  in  the  concentrations  of  the  various  lens 
crystallins.  For  example,  lenses  incubated  at  various  temperatures  in 
the  range  of  37  to  45^  C  showed  definite  changes  in  their  a  crystallin 
components.  At  the  higher  temperatures,  almost  all  the  soluble  a 
crystallin  components  disappeared  with  continued  incubation  and  were 
replaced  by  high  molecular  weight  (certainly  greater  than  5  million) 
fractions  which  contained  primarily  insoluble  aggregates  of  the  a 
crystallin  material.  Isolated  a  crystallin  proteins  went  through 
similar  types  of  changes  when  incubated.  Some  mobility  changes  in 
isolated  j3}i  and  ^2  crystallins  are  also  seen  but  not  to  the  same 
degree  as  in  the  a  crystallins.  Low  pH  accentuated  these  changes  and 
suggested  that,  perhaps,  som(  of  the  development  of  a  cataract  may  be 
due  to  development  of  an  acic  pH  as  a  result  of  the  irradiation. 
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Discussion 


Most  of  the  available  experimental  data  shows  that  cataracts  are 
produced  by  direct  IR  irradiation  of  the  lens  in  a  constant  energy 
dose  related  fashion  through  an  aggregation  of  the  soluble  oc 
crystallin  fraction  into  an  insoluble  high  molecular  weight  form.  The 
Pitts  and  Cullen  (1981)  material  on  cataract  formation  for  long 
exposures  indicated  an  almost  constant  energy  relationship,  although 
shorter  exposures  gave  a  cataract  behind  the  iris  at  a  different  and 
lower  energy  value.  It  is  not  clear  from  the  experimental  details 
given  by  Pitts  and  Cullen  how  much  exposure  of  the  iris  was  involved 
in  their  experiments,  because  they  describe  merely  a  "miotic  pupil”. 
In  the  experiments  by  Wolbarsht  (1980),  when  radiation  is  confined  to 
the  lens,  a  constant  dose  is  required  for  cataractogenesis .  How  this 
effect  changes  with  much  longer  duration  exposures,  however,  remains 
to  be  seen.  One  critique  of  the  Pitts  and  Cullen  data  is  that  for 
experimental  reasons ,  they  did  not  expose  the  lens  long  enough  to 
separate  the  lens  damage  from  corneal  and  other  types  of  damage.  Drip 
techniques  to  cool  the  cornea  or  the  use  of  sufficiently  long  and  low 
level  exposures  might  clarify  this  point.  The  use  of  lasers  at 
different  wavelengths  could  also  give  spectrum  related  data  in  a  more 
precise  form.  Possibly,  another  technique  might  be  to  continue  the 
study  of  chronic  IR  types  of  cataracts  and  the  long-term  effects  of  IR 
on  the  isolated  lens  crystallins  to  identify  the  early  stages  in  this 
process. 

All  the  material  presented  up  to  now  in  part  supports  the  hypothesis 
hy  Vogt  (1930)  that  there  is  cataract  development  following  direct  IR 
exposure  to  the  lens.  However,  cataractogenesis  seems  to  be 
photochemical  rather  than  thermal  in  nature.  This  is  certainly  true 
on  an  acute  or  short-term  basis  and  should  also  apply  to  chronic 
exposures  where  the  thermal  contributions  are  even  less.  However,  the 
experiments  by  Wolbarsht  and  colleagues  have  also  shown  that  under 
certain  conditions ,  there  Ccun  be  a  thermally  generated  cataract  by 
heat  transfer  to  the  lens  from  the  iris,  as  postulated  by  Goldmann 
(1933). 

Sliney  (1986)  has  suggested  that  environmental  factors  such  as  ambient 
temperatures  are  factors  in  :he  development  of  ultraviolet  cataracts. 
The  same  may  also  be  involved  in  infrared  cataractogenesis.  The 
temperature  of  the  lens  varies  with  the  temperature  of  the  cornea. 
Calculations  indicate  that  at  an  ambient  temperature  of  22^  C  and  a 
measured  corneal  temperature  of  34.8®  C,  the  lens  will  be  at  35.5®  C 
with  the  cornea  at  43®  C,  and  the  lens  will  be  close  to  41®  C. 
Obviously,  this  is  an  extreme  case,  but  values  of  elevated  lens 
temperatures  such  as  this  may  synergize  with  the  IR  absorption  by  the 
lens  to  accelerate  cataractogenesis  by  the  formation  of  insoluble  lens 
crystallins. 

Stuck  (1982)  summarized  the  U.S.  Army  program  at  LAIR  by  indicating 
that  CW  IR  radiation  from  a  1.33  /im  Nd:YAG  laser  could  produce 
translucent  opacities  on  th«'.  anterior  surface  of  the  lens  and  the 
cornea,  those  on  the  lens  having  quite  a  long  delay  in  appearance  -  up 
to  4  days.  However,  once  they  appeared,  the  cataracts  were  permanent, 
more  data  suggesting  the  direct  action  of  the  radiation  on  the  lens 
itself. 
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Although  average  and  peak  irradiances  of  the  exposures  necessary  for 
cataractogenesis  were  measured  by  Lydahl  (1980)  ,  what  would  have  been 
more  helpful  and  in  keeping  with  the  experimental  data  of  both  Pitts 
and  Cullen  (1981)  and  Wolbarsht  (1980)  is  a  calculation  of  the  total 
dose  for  cataract  formation.  For  the  short-term  exposures  in  rabbits, 
this  value  is  somewhere  between  1,400  to  3,500  J/cm"2.  of  course, 
during  protracted  or  chronic  exposures,  healing  or  repair  mechanisms 
could  play  a  significant  role.  Thus,  what  is  important  to  specify  in 
any  future  epidemiological  or  laboratory  study  is  the  average  dose  per 
month  maintained  over  a  period  of  years  that  results  in  the  IR 
cataract.  Possibly,  there  may  be  temporary  changes  in  any  particular 
industrial  experiment,  so  the  average  dose  may  be  exceeded  for  some 
weeks  or  months.  Perhaps,  this  excessive  exposure  may  induce  the 
cataract  to  reach  a  point  where  performance  is  affected.  It  is  more 
likely,  however,  that  any  cataract  will  come  as  a  result  of  cumulative 
effects .  Even  as  the  UV  induced  brunescent  cataracts  appear  after 
many  years  of  gradual  yellowing  of  the  lenses ,  so  the  clouding  of  the 
IR  cataract  may  appear  in  the  same  gradual  way.  At  present,  there 
seems  to  be  little  likelihood  of  the  necessary  chronic  exposures  from 
available  IR  lasers  in  any  presently  contemplated  usage.  However,  it 
should  be  kept  in  mind  that  the  hazard  of  cataractogenesis  from  such 
an  IR  laser  exposure  will  add  to  any  environmental  IR  stress  that  may 
be  present.  Another  situation  in  which  such  IR  hazards  may  be  present 
is  in  any  Maxwellian  projection  to  the  retina  in  which  the  source  is 
imaged  in  the  plane  of  the  lens.  This  is  often  the  optical  set-up  for 
ophthalmic  instruments,  and  accordingly,  the  possible  cataractogenesis 
hazards  should  be  considered. 

The  shift  of  the  a  crystallins  and  other  lens  proteins  from  small 
soluble  molecules  to  larger  aggregated  insoluble  forms  has  also  been 
attributed  to  aging  by  Zigler  (1975).  Perhaps,  the  photochemical 
process  from  infrared  irradiation  is  not  a  new  pathway  for 
cataractogenesis  but  is  only  an  accelerated  form  of  one  t3rpe  of 
normally  occurring  age  related  cataract.  There  are  certainly 
protective  pathways  in  the  lens  to  mitigate  this  effect,  and  that  may 
account  for  the  loss  of  reciprocity  seen  in  comparisons  of  the  data 
discussed  above,  as  longer  and  longer  time  durations  for  irradiation 
are  used. 

In  summary,  the  material  discussed  here  suggests  that  there  may  be  two 
separate  but  possibly  synergistic  steps  in  cataract  development  from 
IR  laser  exposure:  thermal  stress  by  heat  transfer  from  the  iris 
maximal  for  short  exposures  and  high  power  levels  and  photochemical 
effects  on  lens  crystallins  from  direct  absorption  of  the  radiation  by 
the  lens  for  long  exposures  at  lower  power  levels .  To  find  the  cause 
of  any  particular  cataract,  it  is  necessary  to  determine  the  relative 
contributions  from  each  mechanism.  The  irradiances  required  to 
produce  experimental  cataracts,  either  acute  thermal  or  chronic 
photochemical,  were  quite  high.  Certainly,  anyone  exposed  to  those 
levels  would  be  very  uncomfortably  aware  of  the  exposure.  Indeed,  if 
any  of  the  exposures  at  these  power  levels  cover  a  significant  portion 
of  the  body  surface,  it  is  doubtful  if  the  person  could  live  through 
it.  Nevertheless,  the  possibility  of  chronic  IR  source  exposure  as  a 
factor  in  cataractogenesis  is  high  enough  to  cause  concern  about  IR 
laser  usage  or  in  any  applications  where  the  IR  exposure  conditions 
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involve  the  source  being  imaged  in  the  plane  of  the  lens  such  as  a 
Maxwellian  projection  to  the  retina. 
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Figure  1.  Cataract  formation  in  the  rabbit  eye  by  direct  exposure  to  a 
CW  Nd:YAG  at  1,064  /^m.  Markedly  cataractous  lenses  and  only  slightly 
affected  ones  (cloudy)  are  separated  by  the  1,400  J/cm^  constant 
energy  level.  The  radiation  was  fractionated  over  2  days  within  a  3 
nun  diameter  area  on  the  lens  surface.  1,400  J/cm^  is  slightly  less 
than  in  the  data  from  Pitts  and  Cullen  (1981)  as  shown  in  figure  2. 
Data  from  Wolbarsht  et  al.  (1977). 
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Figure  2.  Cataract  development  following  exnosur^^  rn  j 

arc  radiation.  Cataract  in  -raKK-t^-  ®  .=•  filtered  xenon 

threshold  of  3  500  J/cm2  a  h  only"  at  a 

exposures  except  She  '^shortest  wMeh  ”„ay '  hlf'/e""  h 

involvement.  All  points  -p  n  ^  differ  because  of  iris 

have  a  similar  relation  at  W  000  J/fm2  ^°\he 

3.500  J/cm2  is  the  same  ordT  IR  dose  value  of 

cataractogenesis  by  a  CW  Nd:YAG  laser^KTn  fTgure\  '’"(Datal"'' 
table  3  in  Pitts  and  Cullen,  1981).  figure  i.  (Data  from 
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Abstract 

Absorption  of  pulsed  IR  laser  energy  by  tissue  results  in  heating  and  expansion 
of  the  irradiated  material.  At  low  energies  a  traditional  thermoelastic  response  is 
induced.  At  higher  energies,  beyond  the  linear  response  of  the  material,  tissue  tearing 
and  ejection  results  in  additional  pressure  due  to  momentum  recoil.  Measurements  of 
the  acoustic  wave  generated  by  short  (60  to  200  ns)  pulses  of  IR  (3  to  6.45  microns) 
radiation  in  gelatin  and  bovine  cornea  will  be  presented.  Dependence  of  these 
measurements  on  wavelength,  fluence  and  macropulse  duration  will  be  discussed. 

The  laser  used  for  these  studies  was  the  Vanderbilt  Free-Electron  Laser  (FEL)  which  is 
tunable  from  2  to  10  microns  and  emits  pulses  of  ~  4  microsecond  duration  (at  60  Hz) 
consisting  of  a  train  micropulses  that  are  1  picosecond  in  duration  separated  by  350 
picoseconds.  In  this  study,  the  macropulse  duration  is  shortened  by  a  broadband 
Pockels  cell.  The  shortened  macropulses  are  focused  (112-210  microns  in  diameter) 
on  the  surface  of  a  thin  (<  1  mm)  sample  mounted  on  an  acoustic  detector  which  uses 
9  micron  thick  polyvinyldifluoride  (PVDF).  While  a  HeNe  probe  beam  monitors  ejection 
of  material  from  the  front  surface,  the  acoustic  transient  travels  through  the  sample 
and  is  recorded  at  the  back  with  nanosecond  resolution.  In  gelatin,  at  low  pulse 
energies,  a  bipolar  acoustic  waveform  characteristic  of  the  thermoelastic  response  at  a 
free  surface  is  measured  using  FEL  wavelengths  of  3.36  and  6.45  microns.  At  higher 
energies,  where  the  HeNe  surface  monitor  detects  material  removal,  a  purely  positive 
(compressive)  recoil  pressure  is  superposed  with  the  thermoelastic  response. 
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DEPTH  OF  PENETRA  TION  AND 
SURFACE  SAR  FOR  THE 
HUMAN  SKiN* 


F 

GHz 

Reflection 

Coeff. 

Skin  Depth 
mm 

SAR  at 
Surface  for 
10  mW/cm2 

30 

0.49 

0.78 

131.0 

60 

0.41 

0.43 

276.6 

100 

0.33 

0.32 

419.4 

200 

0.22 

0.25 

624.0 

300 

0.18 

0.23 

714.2 

*  O.  P.  Gandhi  and  A.  Riazi,  IEEE  MTT-34,  pp.  228- 
235,  1986, 
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SOME  OTHER  ASPECTS  OF 

DOSIMETRY 


THICKNESS  OF  HUMAN  CLOTHING  (e  -  4.0  -  jO.I  FOR 
COTTON)  IS  ON  THE  ORDER  OF  MILLIMETERS. 

HUMAN  CLOTHING  MAY  FACILITATE  IMPEDANCE 
MATCHING  RESULTING  IN  NEARLY  60-100  PERCENT 
COUPLING  OF  INCIDENT  POWER  AT  MILLIMETER 
WAVELENGTHS  OVER  THE  WHOLE  BODY. 


WHOLE  BODY  EXPOSURES  COULD,  THEREFORE, 
RESULT  FOR  MILLIMETER  WAVES  RATHER  THAN 
PARTIAL  BODY  EXPOSURES  TYPICAL  OF  IR 
RADIATION. 


BASED  ON  THE  DATA  OF  HARDY  AND  OPPEL, 
THRESHOLD  FOR  PERCEPTION  OF  WARMTH  FOR 
WHOLE  BODY  EXPOSURE  ~  0.67  mW/cm2. 


SENSATION  "VERY  WARM  OR  HOT"  MAY  RESULT 
FOR  POWER  DENSITIES  ~  8.7  mW/cm2. 
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RELATIONSHIP  BETWEEN  AVERAGE  OF  HE^TRAN^ER  ^ 

FIRST  SENSATIONS  REPORTED  —  DORSUM  OF  THE  RIGHT  HA 

ROOM  TEMPERATURE  17  t  1*C 

SOURCE  OF  RADIATION:  BLACK  BODY  AT  130  C  (X  >  3  y) 


AREA  STI^tLATED 


cm 

2.6 


9.6 


40.6 


RATES  OF  ENERGY  ABSORBED 
nV/cvr 


FAINT 

VERY  WARM 

SUBJECT 

WARM 

WARM 

OR  HOT 

1 

44.8 

56.1 

61.1 

2 

28.0 

41.4 

56.1 

3 

20.9 

22.2 

40.6 

4 

54.8 

62.3 

•• 

5 

42.7 

54.0 

1 

24.3 

45.6 

61.5 

2 

10.9 

36.4 

54.0 

3 

15.5 

30.1 

52.3 

4 

44.7 

65.7 

5 

30.1 

59.8 

— 

25.1  ±  13.3 

47.5  t  15.1 

A 

55.9  ±  4.9 

1 

3.8 

12.1 

22.6 

2 

3.3 

10.5 

20.9  . 

3 

13.4 

10.9 

21.3 

4 

2.9 

10.0 

16.3 

s 

14.6 

16.3 

27.6 

7.6  t  5.9 

11.96  ±  2.5 

_  . 

21.7  ±  4.0^ 

*  Tur  BATTH  ?1  74/55.39  -  0.4  IS  SIMILAR  TO  THAT  FOR  THRESHOLDS  OF  PER- 
the’ COUKES-poiroiHG  IHCREASE  IN  THE  ERROSEO  AREAS. 

REACTION  TINE  IfiL  121  SENSATION  VERY  WARN  OR  HOT  IS  TTRICAtLY  ON  .THg, 
ORDER  OF  1.0  ± 

P.  P.  LELE,  G.  WEDDELL,  AND  C.  M.  WILLIAMS,  J.  PHYSIOL.  1954,  206- 

2k.* 
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mtkttmttm  RAT^S_0F  energy  PEPOSITION  FOR  DORSUM  OF  THE  HAND^*^ 

[EXPOSED  AREA  =  40.6  cm'^l 

2  2 
O.A  Tncal/cm  sec  ^^6^j[nWcTi^ 

FOR  LARGER  AREAS  OF  EXPOSURE,  SUCH  AS  THE  FACE  ANILXHLJSFJT ,  THIS  DROPS 
TO  ^ 

0.67  pW/cm^  [PATIO  0.67/1.67  «  0.4] 

2 

SEN^ATION^  •‘VF’RY  WARM  TO  HOT"  FFPORTEO  IN  REF,  1  FOR  21. 7A  mW/cm  MAY 
SIMILARLY  PF  SCALAPLE  "TO  0.4  x  21,74  =  8.7  pM/cp^  FOR  AREAS  SUCH  AS  THE 
FACE  AND  CHEST  AND  SOMFWHAT  LOWER  FOR  WOLE-BODY  MILLIMETER-WAVE  IRRADI¬ 
ATION. 


1.  p.  P.  LELE,  ET  AL.,  J.  PHYSIOL,  m..  1954,  206-234. 

2.  J.  D.  HARDY  AND  T.  W.  OPPEL,  J.  CLIN.  INVEST.  1937,  533-540. 
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Microwave  Absorption  Spectra  of  Biological  Entities 

From  S.  J.  Webb  and  A.  D.  Booth,  Nature,  222,  p.  1199,  1969 
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SPECTRAL  STUDIES 


FREQUENCY  RANGE:  26.5  -  90  GHz 
POWER  LEADS:  0.2  -  100  ^iW 
DWELL  TIME:  50  ms  -  1 0S 
SAMPLE  TEMPERATURES:  -70°,  +20°,  +  37°C 

BIOCHEMICALS  TESTED:  RNA  (12%) 

DNA  (4%) 

BIOLOGICAL  SYSTEMS  TESTED:  (107-108/m£) 
E.  Coll 

Yeast  (2  kinds) 

B  H  K  cells 
Fibroblasts 
RBCs  (human,  avian) 

Viruses 
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TABLE  1.  SUMMARY  OF  MEASUREMENTS 


204 


Q-  RELATIVE  INSERTION  LOSS  ( 


gSSSSSSfeSSS 

FREQUENCY  (GHz) 


Insertion  loss  of  E.coli 

(Pine  =  8-0  "  24iiW  with  modulation) 

a.  Broth  vs.  Broth 

b.  E.coli  vs.  Broth 
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•  • 


•  • 


^1-^2 

N. 


Difference  in  number  of  colonies  of  E.  coli 
irradiated  and  control  samples. 


1.  A.  J.  Berteaud  et  al.  C.  R.  Acad.  Sci.  (D),  281,  p.  843,  1975 

2.  S.  J.  Webb  and  A.  D.  Booth,  Nature,  222,  p.  1199,  1969 
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frequency  (in  the  E-rband)  using  lambda  phage  TC600  (X  papa)  . 


PROTEIN  SYNTHESIS  OF  MONOLAYER  CULTURES..  OF  BHK-21  /Cl  3 
MAMMALIAN  CELLS  STUDIED  AT  0.1GHz  INTERVALS  IN  38.0-48.0  GHz 
and  65.0-75.0.  GHz  BANDS  (202  FREQUENCIES)  FAILED  TO  REVEAL 
ANY  FREQUENCY  OR  AMPLITUDE  DEPENDENT  EFFECTS. 

ASSAY  INVOLVED  INCORPORATION  OF  '^H-METHIONINE  INTO 
PROTEIN  WHICH  WAS  QUANTIFIED  BY  MEASUREMENT  OF  OPTICAL 
DENSITIES  OF  AUTORADIOGRAPHS  IN  CONTIGUOUS  RECTANGULAR 
REGIONS  OF  WIDTH  0.1  imi. 

FOR  A  LIMITED  NUMBER  OF  EXPERIMENTS  WITH  INCORPORATION 
OF  ^H-URIDINE  INTO  RNA  FOR  IRRADIATION  DURATIONS  OF  i  HR. 
ALSO  YIELDED  NEGATIVE  RESULTS. 


BUSH^^ET^ALt^~  1  BIOELEGTROMAGNETICS,  VOL. 
STENSAAS,  ET_AL^ 


1981,  FF-  123-159 
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FIGURE  4 


Fig.  9.  Normalized  growth  rate  of  yeast  as  a  function  of 
[from  Ref.  il] . 


frequency 
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Normalized  growth  rate  of  yeast  cultures  with  Mm  wave  irradiation 
(W,  Grundler  and  F.  Keilmann). 
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Effocts  of  Mm-wavG  irradiation  on  s.  cerevisiae 

a.  Percentage  differences  in  growth  rates. 

b.  Percentage  differences  in  number  of  viable  colonies 
Three  experiments  done  at  each  frequency  unless  Indicated 


HOPING  TO  FIND  DIMENSIONALLY- 
RELATED  RESONANCES 
POSTULATED  BY  FROHLICH  FOR 
CELL  MEMBRANES,  WE  STUDIED 
RAMAN  SPECTROSCOPY  OF  DPPC 

VESICLES  (~  70  A  THICK,  DIAMETER  ~ 
300  A)  WITH  ARGON-ION  LASER  AT 
514.5  nm. 

BELOW  AND  ABOVE  THE 
PHOSPHOLIPID  TRANSITION 
TEMPERATURE  OF  41°C. 
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Raman  Spectra  of  Lipid  Bilayers  with  and  without  Mm  wave 
irradiation. 

Dipalmitoyl  -  Phosphatidylcholine^  (DPPC)  Vesicles 
Thickness  ~  70A;  diameter  ~  300  A 

Laser  tuned  at  514.5  nm 


Furia,  et  al.,  Jour.  Appl.  Phys. 


60,  p.  2991,  Oct.  15,  1986. 
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RAMAN  INTENSITY  (1000  cts/5  sec) 


Raman  Spectra  of  Lipid  Bilayers  with  and  without  Mm  wave 
irradiation. 

Dipalmitoyl  -  Phosphatidylcholine  (DPPC)  Vesicles 
Thickness  ~  70A;  diameter  ~  300  A 

Laser  tuned  at  514.5  nm 


Furia,  et  al..  Jour.  Appl.  Phys.  60,  p.  2991,  Oct.  15,  1986. 
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THESE  EXPERIMENTS  WERE  DONE 
TOWARDS  THE  END  OF  THE 
PROJECT.  COUPLING  BETWEEN 
LONGITUDINAL  AND  OPTICAL 
PHONONS  HAVE  CERTAINLY  BEEN 
OBSERVED  IN  SOLID-STATE 
PHYSICS. 


IT  IS  CONCEIVABLE  THAT  AS 
POSTULATED  BY  FROHLICH, 
DIMENSIONALLY-RELATED 
LONGITUDINAL  MODES  COULD  BE 
EXCITED  IN  BIOLOGICAL  MEDIA 
WHICH  COULD  BE  DETECTED  BY 
MEANS  OF  RAMAN  SPECTRA. 


Frequencies  of  maximum  coupling  to  vesicles  -  70  A 
thick,  diameter  ~  300  A  assuming  -2x10^  cm/s) 


70  X  10“* 


300  GHz 


300  X 10'® 


~  66  GHz 
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Bioelectromagnetics  19:393-413  (1998) 


Review  Article 

Current  State  and  Implications 
of  Research  on  Biological  Effects 
of  Millimeter  Waves: 

A  Review  of  the  Literature 

Andrei  G.  Pakhomov,^*  Yahya  Akyel/  Olga  N.  Pakhomova, ** 

Bruce  E.  Stuck,*  and  Michael  R.  Murphy* 

^McKesson  BioServices,  Brooks  Air  Force  Base,  San  Antonio,  Texas 
^C/.S.  Army  Medical  Research  Detachment  of  the  Walter  Reed  Army  Institute 
of  Research,  Brooks  Air  Force  Base,  San  Antonio,  Texas 
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In  recent  years,  research  into  biological  and  medical  effects  of  millimeter  waves  (MMW)  has  expanded.^ 
greatly.  This  paper  analyzes  general  trends  in  the  area  and  briefly  reviews  the  most  significatU 
publications,  proceeding  from  cell-free  systems,  dosimetry,  and  spectroscopy  issues  through  cultured 
cells  and  isolated  organs  to  animals  and  humans.  The  studies  reviewed  demonstrate  effects  of  low- 
intensity  MMW  (10  mW/cm^  and  less)  on  cell  growth  and  proliferation,  activity  of  enzymes,  state 
of  cell  genetic  apparatus,  function  of  excitable  membranes,  peripheral  receptors,  and  other  biological 
systems.  In  animals  and  humans,  local  MMW  exposure  stimulated  tissue  repair  and  regeneration, 
alleviated  stress  reactions,  and  facilitated  recovery  in  a  wide  range  of  diseases  (MMW  therapy).  Many 
reported  MMW  effects  could  not  be  readily  explained  by  temperature  changes  during  irradiation.  The 
paper  outlines  some  problems  and  uncertainties  in  the  MMW  research  area,  identifies  tasks  for  future 
studies,  and  discusses  possible  implications  for  development  of  exposure  safety  criteria  and  guidelines. 
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INTRODUCTION 

The  term  “millimeter  waves”  (MMW)  refers  to 
extremely  high-frequency  (30-300  GHz)  electromag¬ 
netic  oscillations.  Coherent  oscillations  of  this  range 
are  virtually  absent  from  the  natural  electromagnetic 
environment.  This  absence  might  have  had  important 
consequences.  First,  living  organisms  could  not  have 
developed  adaptation  to  MMW  during  the  course  of 
evolution  on  Earth.  Second,  some  specific  features  of 
MMW  radiation  and  the  absence  of  external  “noise” 
might  have  made  this  band  convenient  for  communica¬ 
tions  within  and  between  living  cells  [Golant,  1989; 
Betzky,  1992].  These  arguments,  although  not  ade¬ 
quately  proven,  are  often  used  to  explain  the  high  sensi¬ 
tivity  to  MMW  of  biological  subjects.  Indeed,  MMW 
have  been  reported  to  produce  a  variety  of  bioeffects, 
many  of  which  are  quite  unexpected  from  a  radiation 


penetrating  less  than  1  mm  into  biological  tissues.  A 
number  of  theoretical  models  have  been  set  forth  to 
explain  peculiarities  and  primary  mechamsms  of 
MMW  biologic2d  action  [Frohlich  1980,  1988;  Golant, 
1989;  Gmndler  and  Kaiser,  1992;  Belyaev  et  al., 
1993a;  Kaiser,  1995]. 

One  of  the  most  remarkable  events  in  contempo- 
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Fig.  1.  Absolute  numbers  and  percentages  of  publications  on 
topics  related  to  biological  action  of  millimeter  waves  vs.  years 
of  publication.  The  graph  is  based  on  counts  of  citations  in  the 
EMF  Database  version  3.0, 1997.  Studies  by  the  former  Soviet 
Union  (FSU)  scientists  and  by  all  other  (non-FSU)  were  counted 
separately.  Vertical  scale  is  the  number  of  published  MMW  stud¬ 
ies  per  2-year  time  intervals  (abscissa).  Numbers  next  to  the 
datapoints  indicate  the  weight  (%)  of  MMW  studies  in  the  FSU 
and  non-FSU  bioelectromagnetic  research  (i.e.,  the  percentage 
of  MMW  studies  relative  to  the  total  number  of  studies  included 
in  the  EMF  database  for  the  respective  time  periods). 


rary  electromagnetic  biology  is  a  surge  in  interest  in 
MMW  biological  and  medical  effects  in  the  countries 
of  the  former  Soviet  Union  (FSU).  A  striking  differ¬ 
ence  in  the  FSU  and  “non-FSU”  research  activity  in 
this  area  can  be  seen  from  counts  of  related  publica¬ 
tions.  For  example,  the  EMF  Database*  version  3.0 
(1997)  lists  a  total  of  463  FSU  publications  on  MMW- 
related  topics,  and  only  261  such  publications  from  the 
rest  of  the  world.  Although  these  numbers  should  not 
be  taken  as  exact  (the  Database  includes  most  but  cer¬ 
tainly  not  all  relevant  citations),  the  situation  in  general 
is  portrayed  correctly  and  is  particularly  explicit  in  a 
historic  perspective  (Fig.  1).  The  non-FSU  production 
reached  its  peak  of  52  papers  (including  meeting  ab¬ 
stracts)  in  1983-1984,  when  MMW  titles  were  3.3% 
of  all  non-FSU  publications  in  the  bioelectromagnetics 
area.  Then  it  gradually  declined  to  only  seven  papers 

'The  EMF  Database  is  produced  by  Information  Ventures,  Inc.  (Phila¬ 
delphia,  PA)  and  covers  topics  related  to  biological  effects  of  electro¬ 
magnetic  fields,  from  DC  to  submillimeter  wavelengths.  The  Database 
contains  over  20,000  citations  of  relevant  pubUcations  from  various 
sources,  including  peer-reviewed  journals,  books,  proceedings,  and 
absttacts.  Available  citations  are  assimilated  in  the  Database 
without  any  preselection  based  on  the  language,  affiliation  of  the  authors, 
or  relevance  to  a  particular  EMF  frequency  range. 


(0.5%)  in  1989-1990.  Cdncurrently,  MMW  research 
in  the  FSU  expanded  greatly;  Both  the  count  of  publi¬ 
cations  (up  to  120  in  1995-1996)  and  their  portion  in 
the  FSU  bioelectromagnetic  research  (20  to  30%)  far 
exceeded  these  numbers  for  non-FSU  publications. 

Aside  from  the  number  of  studies,  there  are  im¬ 
portant  qualitative  differences.  Western  (non-FSU)  re¬ 
search  was  largely  driven  by  concerns  for  public  safety. 
However,  safety  issues  occupy  a  relatively  small  por¬ 
tion  of  the  FSU  research,  whereas  far  more  studies 
are  related  to  medical  applications  of  MMW.  Over 
50  diseases  and  conditions  have  been  claimed  to  be 
successfully  treated  with  MMW  alone  or  in  combina¬ 
tion  with  other  means.  Lebedeva  and  Betskii  [1995] 
have  reported  more  than  a  thousand  MMW  therapy 
centers  in  the  FSU  and  over  3  million  people  who 
received  this  therapy.  Naturally,  the  extensive  medical 
use  of  MMW  has  stimulated  basic  research  as  well. 

Nowadays,  MMW  technologies  are  increasingly 
being  used  in  practical  applications  (e.g.,  wireless  com¬ 
munication,  traffic  and  military  radar  systems),  making 
it  imperative  that  bioeffects  data  be  available  for  health 
hazard  evaluation  and  restoring  the  interest  to  MMW 
biological  research  in  the  West.  The  number  of  non- 
FSU  publications  on  this  topic  is  again  increasing.  A 
specialized  MMW  session  appeared  at  the  1996  meet¬ 
ing  of  the  Bioelectromagnetics  Society  and  the  1997 
Second  World  Congress  on  Electricity  and  Magnetism 
in  Biology  and  Medicine,  and  the  first  Infrared  Lasers 
and  MMW  Workshop  was  held  at  Brooks  Air  Force 
Base,  Texas  in  1997.  Unfortunately,  the  FSU  research, 
a  rich  source  of  MMW  bioeffects  data,  is  not  readily 
available  in  the  West  and  is  scarcely  known  by  Western 
scientists. 

The  present  paper  is  intended  to  fill  in  this  gap 
by  reviewing  recent  research  in  the  MMW  field,  from 
molecules  and  cells  to  MMW  therapy.  We  have  ana¬ 
lyzed  over  300  original  FSU  publications  and  about  50 
non-FSU  papers  and  selected  those  which  appeared 
more  interesting  and  credible.  This  review  is  primarily 
focused  on  experimental  and  clinical  findings  reported 
during  the  last  decade.  Therefore,  it  includes  only  a 
few  essential  citations  of  earlier  publications  and  does 
not  cover  such  topics  as  theoretical  modeling  of  possi¬ 
ble  interaction  mechanisms.  Interested  readers  should 
see  other  reviews  for  additional  information  [Frochlich, 
1980,  1988  (ed.);  Gandhi,  1983;  Grundler,  1983; 
Postow  and  Swicord,  1986;  Belyaev,  1992]. 

PHYSICOCHEMICAL  EFFECTS,  MMW 
ABSORPTION,  AND  SPECTROSCOPY 

A  number  of  independent  studies  have  shown 
specific  MMW  effects  in  the  absence  of  living  subjects. 
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i.e.,  in  solutions  of  biomolecules  and  even  in  pure  wa¬ 
ter.  Fesenko  and  Gluvstein  [1995]  analyzed  MMW  ef¬ 
fects  on  periodic  voltage  oscillations  during  discharge 
of  a  water  capacitor.  The  capacitor,  which  was  a  dis¬ 
tilled  water  sample  in  a  1-mm  capillary,  was  charged 
by  18  V,  1 -ms-wide  unipolar  rectangular  pulses.  The 
capacitor  discharged  within  500-600  ms  after  a  pulse. 
The  discharge  curve  contained  periodic  voltage  oscilla¬ 
tions  reaching  10-15  mV.  The  Fourier  spectrum  of 
these  oscillations  included  two  strong  peaks,  at  5.25 
and  46.8  Hz,  and  these  peaks  did  not  change  during  at 
least  2  h  of  experimentation.  The  water  sample  was 
exposed  at  36  GHz  from  an  open-ended  waveguide 
(7.2  X  3.4  mm  cross-section).  Irradiation  at  50  pW 
output  power  greatly  reduced  the  46.8  Hz  peak  in 
1  min  and  virtually  eliminated  it  in  10  min;  the  5.25  Hz 
peak  shifted  to  6.75  Hz.  These  changes  showed  little 
or  no  recovery  within  2-60  min  after  cessation  of  a 
10-min  exposure.  Irradiation  at  5  mW  output  power 
produced  similar  changes,  but,  unexpectedly,  was  far 
less  effective:  the  changes  developed  more  slowly,  and 
the  original  peaks  were  restored  more  quickly.  Mecha¬ 
nisms  of  the  phenomenon  itself,  its  anomalous  power 
sensitivity,  and  the  long-lasting  “memory”  of  water 
were  not  understood.  The  authors  suggested  that 
MMW-induced  changes  in  water  properties  could  un¬ 
derlie  biological  effects. 

Direct  MMW  effects  on  pure  water  properties 
were  also  observed  by  holographic  interferometry  [Be- 
rezhinskii  et  al.,  1993;  Litvinov  et  al.,  1994].  Refraction 
of  light  in  fluid  was  determined  from  the  width  and 
number  of  interference  bands  formed  by  a  He-Ne  laser 
beam  (630  nm)  passing  through  the  fluid  and  a  referent 
beam.  Irradiation  of  distilled  water  at  10  mW  output 
power  for  5-7  min  caused  no  effect  at  41.5  GHz,  but 
decreased  the  number  of  the  interference  bands  from 
6  to  5  at  51.5  GHz;  the  distance  between  the  bands 
increased  1.2  times.  These  changes  developed  faster 
and  were  more  profound  in  a  2%  human  blood  plasma 
solution.  The  effect  reached  saturation  in  6-7  min  and 
was  completely  reversible.  Both  theoretical  calcula¬ 
tions  and  direct  measurements  established  that  maxi¬ 
mal  MMW  heating  was  about  1  ®C.  MMW-induced 
changes  in  the  light  refraction  coefficient  were  almost 
an  order  of  magnitude  greater  than  produced  by  con¬ 
ventional  heating  by  1  °C  and,  therefore,  were  attrib¬ 
uted  to  a  specific  effect  of  MMW. 

Other  properties  of  blood  plasma,  such  as  dielec¬ 
tric  permittivity  and  absorption  coefficient,  could  be 
altered  by  MMW  irradiation  as  weU  [Belyakov  et  al., 
1989].  Changes  of  only  0.05-0.5%  in  these  parameters 
were  measured  but  were  well  beyond  the  limits  of 
the  method  used  (0.01%).  The  sensitivity  of  plasma 


samples  to  particular  radiation  wavelengths  strongly 
varied  from  one  blood  donor  to  another. 

Khizhnyak  and  Ziskin  [1996]  analyzed  peculiari¬ 
ties  of  MMW  heating  and  convection  phenomena  in 
water  solutions.  Besides  the  most  expected  reaction 
(gradual  temperature  rise),  irradiation  could  induce  ei¬ 
ther  temperature  oscillations  and  a  decrease  in  average 
temperature  or  a  biphasic  response  in  which  the  tem¬ 
perature  initially  rises  and  then  decreases.  These  anom¬ 
alous  effects  resulted  from  convective  processes,  i.e., 
the  formation  of  a  toroidal  vortex.  When  the  vortex 
became  stable,  the  temperature  decreased  after  the  ini¬ 
tial  rise  phase,  although  the  irradiation  was  constantly 
maintained.  The  local  temperature  could  decrease  with 
increasing  power  density,  and,  in  biological  systems, 
this  would  appear  as  an  effect  opposite  to  heating. 
Probably,  this  phenomena  could  explain  some  of  re¬ 
ported  “nonthermal”  MMW  effects.  If  irradiation  con¬ 
tinued  for  a  long  time  (30-40  min),  the  convection 
phenomena  disappeared  and  could  not  be  reintroduced, 
even  after  restoration  of  the  initial  te^nperatu^e.  This 
observation  suggested  that  some  irreversible  process 
had  occurred  in  the  liquid,  which  resembles  findings 
of  the  water  “memory”  cited  above.  ^ 

The  supposed  role  of  water  as  a  primary  target 
for  MMW  radiation  motivated  Zavizion  et  d.  [1994] 
and  Kudryashova  et  al.  [1995]  to  study  how  MMW 
absorption  at  the  wavelengths  of  2.0,  5.84,  and  7.12  mm 
is  affected  by  the  presence  of  other  substances,  namely 
a-amino  acids  (0.25-2.5  mol/1).  Because  MMW  ab¬ 
sorption  by  amino  acid  molecules  is  negligible,  the 
absorption  of  solutions  in  most  cases  decreased  propor¬ 
tionally  to  the  amino  acid  concentration.  This  differ¬ 
ence  in  absorption  by  pure  water  and  solutions,  called 
“absorption  deficit,”  increased  with  increasing  length 
of  the  hydrophobic  radical  in  a  series  of  homologous 
amino  acids  (glycine,  alanine,  GABA,  valine).  Para¬ 
doxically,  the  absorption  deficit  was  negative  for  sar- 
cosine  at  5.84  mm  and  7.12  mm  and  for  glycine  at  all 
the  wavelengths,  meaning  that  these  two  amino  acids 
can  increase  MMW  absorption  by  water  molecules. 

A  detailed  theoretical  analysis  of  MMW  absorp¬ 
tion  in  flat  structures  with  high  water  content  was  per¬ 
formed  by  Ryakovskaya  and  Shtemler  [1983].  The  au¬ 
thors  produced  dependencies  of  the  specific  absorption 
rate  (SAR)  on  the  radiation  frequency,  temperature, 
thickness  of  the  absorptive  medium,  and  presence  of 
dielectric  layer(s)  above  and/or  underneath.  This  work 
modeled  most  common  biological  setups,  such  as  irra¬ 
diation  of  cell  suspensions  in  Petri  dishes,  cuvettes,  etc. 
The  wavelength  in  the  medium,  reflection  coefficients, 
depth  of  penetration,  and  SAR  at  the  surface  of  a  semi¬ 
infinite  absorptive  medium  were  calculated  for  wave¬ 
lengths  from  1  to  10  mm,  using  1-mm  steps.  For  exam- 
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pie,  the  depth  of  penetration  for  1-  and  10-mm  wave¬ 
lengths  at  20  °C  equals  0.195  mm  and  0.56  mm,  respec¬ 
tively,  and  the  respective  surface  SARs  are  79.4  and 
15.5  mW/cm^  per  1  mW/cm^.  Exposure  through  a  thin 
dielectric  layer  (e.g.,  bottom  of  a  Petri  dish)  may  de¬ 
crease  reflection  and  further  increase  SAR  by  up  to  2.5 
times.  SAR  in  thin  absorptive  films  (0.1-0.01  mm) 
increases  greatly  and  may  exceed  SAR  at  the  surface 
of  a  semi-infinite  medium  more  than  10-fold.  Further¬ 
more,  presence  of  a  dielectric  above  or  below  the  thin 
absorptive  film  may  increase  SAR  in  the  film  by  as 
much  as  20-fold.  Apparently,  the  possibility  of  reach¬ 
ing  very  high  SAR  levels  and  of  local  heating  cannot 
be  underestimated,  even  for  the  incident  power  levels 
that  are  often  regarded  as  nonthermal  (0.1-1  mW/cm^). 


MMW  EFFECTS  AT  SUBCELLULAR,  CELLULAR, 
AND  TISSUE  LEVELS 

Growth  Rate  Effects 

Debates  about  resonance  growth  rate  effects  of 
MMW  have  been  going  on  for  over  20  years,  and  this 
problem  was  widely  discussed  in  earlier  reviews.  In 
brief,  Grundler  and  coauthors  [1977,  1982,  1988]  re¬ 
ported  that  the  growth  rate  of  the  yeast  Saccharomyces 
cerevisiae  may  be  either  increased  by  up  to  15%  or 
decreased  by  up  to  29%  by  certain  frequencies  of 
MMW  within  a  41.8-42.0  GHz  band.  The  effect  was 
established  by  different  methods,  both  in  suspended 
cells  and  in  monolayer.  According  to  recent  observa¬ 
tions  [Grundler  and  Kaiser,  1992],  an  effect  of  about 
the  same  magnitude  is  produced  by  field  intensities 
from  5  pW/cm^  to  10  mW/cm^  (8  kHz  modulation). 
The  width  of  the  resonance  peaks  increased  with  the 
intensity  from  about  5  MHz  to  12-15  MHz  over  the 
above  intensity  range.  However,  thorough  independent 
attempts  to  replicate  these  findings  were  not  successful 
[Furia  et  al.,  1986;  Gos  et  al.,  1997],  suggesting  that 
these  MMW  effects  could  be  dependent  on  (or  even 
produced  by)  some  as  yet  unidentified  and  uncontrolled 
conditions. 

Dardanoni  and  coauthors  [1985]  observed  fre¬ 
quency-  and  modulation-dependent  effects  on  the 
growth  of  yeast  Candida  albicans.  MMW  modulated 
at  1  kHz  reduced  the  growth  rate  by  about  15%  at 
72  GHz,  but  not  at  71.8  or  72.2  GHz.  A  3-h  continuous 
wave  (CrW)  irradiation  at  72  GHz  had  the  opposite 
effect,  i.e.,  toe  growth  rate  increased  by  about  25%  over 
toe  sham-irradiated  control.  Remarkable  variability  of 
toe  results  was  noted,  which  could  be  a  result  of  cell 
subpopulations  with  different  sensitivity. 

Golant  and  coauthors  [1994]  reported  that  a 
marked  synchronicity  of  periodic  fluctuations  in  the 


growth  rate  and  bud  forhJation  in -toe  culture  of  S. 
cerevisiae  can  be  induced  by  0.03  mW/cm^,  46  GHz 
irradiation  for  50  min.  This  effect  was  claimed  to  per¬ 
sist  for  over  20  cell  generations.  Periodicity  of  bud 
formation  was  observed  in  control  samples  as  well,  but 
it  was  less  pronounced  and  had  a  different  time  dura¬ 
tion  (60  min  vs.  80  min  after  MMW  exposure). 

Synchronizing  effects  of  MMW  were  also  ob¬ 
served  in  higher  plant  specimens  (Shestopalova  et  al., 
1995).  Barley  seeds  were  exposed  for  20  min  at 
0.1  mW/cm^  (61.5  GHz),  and  then  toe  exposed  and 
control  seeds  (150  seeds  per  group)  were  put  into  an 
incubator  for  sprouting.  The  incubator  was  maintained 
at  either  28  “C  or  8  °C.  Cytologic  examination  estab¬ 
lished  that  toe  degree  of  synchronization  of  cell  divi¬ 
sion  in  MMW-exposed  sprouts  increased  by  36% 
(28  "C)  and  50%  (8  “C)  over  the  respective  control 
plants. 

Levina  et  al.  [1989]  studied  MMW  effects  on  toe 
development  of  a  protozoan  Spirostum  sp.  cell  popula¬ 
tion.  The  population  was  begun  in  a  ^aline  medium 
with  beer  yeast  (550  mg/1)  as  food  by  adding  of  5—6 
protozoan  cells/ml.  The  culture  was  exposed  once  for 
30  min  at  1.5  mW/cm^  (7.1-mm  wavelength),  between 
days  2  and  11  of  growth.  Unexposed  cultures  grew 
exponentially  up  to  a  density  of  100  cells/ml  on  day 
11,  then  rapidly  died  without  reaching  stationary  phase, 
obviously  due  to  poisoning  by  waste  products.  Expo¬ 
sures  on  days  2,  4,  or  7  caused  toe  populations  to  enter 
the  stationary  phase  on  or  aroimd  day  9.  Exposures  on 
day  9  or  11  postponed  toe  population  death  by  5  days, 
and  toe  final  cell  content  increased  to  115-135  ceUs/ml 
on  day  14.  Irradiation  on  day  2  also  increased  toe  prolifer¬ 
ation  rate,  and  by  day  7  toe  cell  density  was  nearly  twice 
as  high  as  in  control  samples.  In  anofliCT  series  of  experi¬ 
ments,  toe  population  began  wito  an  initial  concentration 
of  1-2  protozoan  ceUs/ml  and  stabilized  in  8—10  days 
at  12-13  cells/ml.  In  these  cultures,  MMW  exposure 
suppressed  proliferation,  and  the  final  cell  density  was 
only  6-10  ceUs/ml.  This  study  indicated  that  irradiation 
affects  the  population’s  own  growth  control  mechanisms 
and  that  the  effect  depends  on  the  stage  and  other  particu¬ 
lars  of  the  population  development 

Exposure  for  30  min  at  2.2  mW/cm^,  7.1-mm 
wavelength  enhanced  toe  growth  of  a  blue-green  algae 
Spirulina  platensis  by  50%  [Tambiev  et  al.,  1989], 
whereas  8.34-mm  wavelength  produced  no  changes 
compared  wito  sham  control.  The  alga  growth  rate 
more  than  doubled  when  a  30-min  irradiation  at 
7.1  mm  was  immediately  followed  by  exposure  to 
high-peak  power  microwave  pulses  (15  pulses,  10-ns 
pulse  width,  6-min  pause,  3-cm  wavelength,  200  kW/cm 
peak  incident  power  density).  Concurrently,  photosyn- 
toetic  oxygen  evolution  increased  about  1.5  times.  The 
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observed  stimulatory  effects  are  of  considerable  prom¬ 
ise  in  biotechnology,  in  which  S.  platensis  is  used  for 
production  of  food  protein  and  biologically  active  com¬ 
pounds. 

Other  publications  by  the  same  authors  [Tambiev 
and  Kirikova,  1992]  and  independent  investigators  [Re¬ 
brova,  1992;  Shub  et  al.,  1995]  presented  MMW  effects 
on  the  growth  rate  of  several  species  of  bacteria.  Cyan¬ 
obacteria,  algae,  yeasts,  and  higher  plants  (fennel,  let¬ 
tuce,  tomato).  For  example,  in  the  yeasts  S.  cerevisiae 
and  S.  carlsbergensis  MMW  shortened  the  phases  of 
culture  growth  2.3-6.0  times  and  could  increase  the 
biomass  production  rate  by  up  to  253%.  Effects  on 
Escherichia  coli  growth  could  be  either  stimulatory  or 
inhibitory,  depending  on  the  wavelength  (6.0-  to 
6.7-mm  band,  s  1  mW/cm^  for  30  min).  However,  all 
three  papers  were  summaries  of  the  authors’  multiyear 
experiences  with  studying  these  and  other  MMW  ef¬ 
fects  and  did  not  provide  enough  detail  for  full  evalua¬ 
tion  or  possible  replication. 

Chromosome  Alterations  and  Genetic  Effects 
of  MMW 

Absence  of  mutagenic  or  recombinagenic  effects 
of  MMW  radiation  was  clearly  demonstrated  in  the 
late  1970s  [Dardalhon  et  al.,  1979,  1981],  and  later 
investigations  were  consistent  with  this  conclusion.  At 
the  same  time,  a  number  of  studies  indicated  that 
MMW  could  affect  the  fine  chromosome  structure  and 
function,  cell  tolerance  to  standard  mutagens,  and  le¬ 
sion  repairs. 

Best  known  is  the  recent  work  by  Belyaev  and 
coauthors  [1993a,  b,  1994,  1996],  who  discovered 
sharp  frequency  resonances  by  using  an  anomalous 
viscosity  time  dependence  (AVTD)  technique.  This 
technique  is  supposed  to  reflect  fine  changes  in  DNA 
conformation  and  DNA-protein  bonds.  At  a  resonance 
firequency,  biological  changes  could  be  produced  by 
field  intensities  as  low  as  10“'®  W/cm^.  The  magnitude 
of  changes  gradually  increased  with  the  field  intensity 
and  reached  a  plateau  between  10“'’  and  10“®  W/cm^, 
depending  on  cell  density  in  exposed  samples.  Reso¬ 
nance  peaks  for  E.  coli  cells  were  found  at  51.76  and 
41.34  GHz;  these  values  decreased  in  strains  with  in¬ 
creased  haploid  genome  length.  These  results  pointed 
to  the  chromosomal  DNA  as  a  target  for  resonance 
interaction  between  living  cells  and  MMW.  The  width 
of  the  resonances  increased  from  units  to  tens  of  mega¬ 
hertz  by  increasing  the  incident  power,  and  this  depen¬ 
dence  is  in  notable  agreement  with  the  one  reported  for 
cell  growth  rate  effects  [Grundler  and  Kaiser,  1992]. 

However,  the  AVTD  test  is  not  a  conventional 
technique  in  cell  biology.  Interpretation  of  AVTD  data 
is  uncertain  and  functional  consequences  of  AVTD 


changes  have  not  yet  been  convincingly  defined.  A 
discussion  is  continuing  as  to  whether  super-low  radia¬ 
tion  intensities  in  these  studies  were  measured  correctly 
[Osepchuk  and  Petersen,  1997a,  1997b;  and  a  reply  by 
Belyaev  et  al.,  1997].  Supposedly,  some  power  at  a 
harmonic  frequency  might  be  transmitted  to  the  sample 
despite  large  attenuation  at  the  fundamental  frequency. 
Whether  this  was  the  case  or  not,  consistent  observa¬ 
tions  of  resonance  effects  represent  an  important  find¬ 
ing,  which  requires  understanding  and  independent  rep¬ 
lication. 

MMW-induced  visible  changes  in  giant  chromo¬ 
somes  of  salivary  glands  of  the  midge  Acricotopus 
lucidus  [Kremer  et  al.,  1988].  A  certain  puff,  the  Balbi- 
ani  ring  BRl  in  the  chromosome  H,  reduced  in  size 
after  irradiation  at  67.2  ±0.1  GHz  or  68.2  ±0.1  GHz 
(5  mW/cm^),  and  this  effect  seemed  to  be  unrelated  to 
heating.  Numerous  alterations  in  the  giant  chromosome 
morphology  were  also  independently  foimd  in  Chiro- 
nomus  plumosus  (Diptera)  after  a  15-min  exposure  at 
1  mW/cm’  [Briir  et  al.,  1993].  ' 

Exposure  of  ultraviolet  (UV)-treated  E.  coli  cul¬ 
ture  to  MMW  at  61  ±2.1  GHz,  1  mW/cm^  increased 
cell  survival  [Rojavin  and  Ziskin,  1995].  The  most 
likely  mechanism  of  this  effect  was  either  direct  or 
indirect  activation  of  the  dark  repair  system.  No  sur¬ 
vival  effects  were  found  if  the  sequence  of  exposures 
was  reversed,  i.e.,  when  UV  irradiation  was  performed 
inunediately  after  a  10-  to  30-niin  MMW  exposure. 

Genetic  effects  of  61.02-61.42  GHz  radiations 
were  studied  in  the  D7  strain  of  the  yeast  S.  cerevisiae 
[Pakhomova  et  al.,  1997].  MMW  exposures  lasted  for 
30  min  at  0.13  mW/cm’,  and  were  followed  in  60  min 
by  a  100  J/m’  dose  of  254  nm  UV  radiation.  Compared 
with  the  parallel  control,  the  MMW  pretreatment  did 
not  affect  cell  survival  or  the  rate  of  reverse  mutations, 
but  significantly  increased  the  incidence  of  gene  con¬ 
versions.  Sham-exposed  samples  showed  no  differ¬ 
ences  from  respective  parallel  control  groups.  The  data 
suggested  that  MMW  did  not  alter  the  UV-induced 
mutagenesis,  but  might  facilitate  UV-induced  recombi¬ 
nagenic  processes.  A  thermal  mechanism  for  this  effect 
was  improbable,  but  could  not  be  ruled  out  entirely. 

Excitable  Tissues  and  Membranes 

Along  with  the  genetic  apparatus,  the  cell  mem¬ 
brane  is  another  site  suspected  to  be  a  primary  target  for 
MMW  radiation.  Many  of  the  works  discussed  below 
established  profound  MMW  effects;  however,  only  a 
few  attempts  have  been  made  to  replicate  them. 

Brovkovich  et  al.  [1991]  reported  that  61  GHz, 
4  mW/cm’  radiation  significantly  activates  the  Ca’"^ 
pump  in  the  sarcoplasmic  reticulum  (SR)  of  skeletal 
and  heart  muscles  of  the  rat.  The  rate  of  Ca*"^  uptake 
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by  SR  membranes  was  measured  by  an  ion-selective 
electrode  in  an  ATP-containing  medium.  An  intermit¬ 
tent  MMW  treatment  (5-min  exposure,  15-min  pause, 
3  cycles)  of  skeletal  muscle  SR  increased  the  rate  of 
Ca'"*  uptake  by  23%,  and  this  increased  level  was 
retained  for  1  h  after  the  exposure.  Uninterrupted 
MMW  irradiation  had  no  effect  in  10  min,  but  in¬ 
creased  Ca'"'"  uptake  by  27%  in  20  min;  and  the  effect 
reached  maximum  (48%)  in  40  min.  In  heart  muscle 
SR,  even  a  5-min  exposure  enhanced  Ca'^'*'  uptake 
by  18%. 

Geletyuk  and  coauthors  [1995]  used  patch-clamp 
(inside-out  mode)  to  study  42.25  GHz  radiation  effects 
on  single  Ca'*“^-activated  channels  in  cultured 
kidney  cells  (Vero).  Exposure  for  20-30  min  at 
0.1  mW/cm^,  CW,  greatly  modified  the  activation  char¬ 
acteristics  of  the  channels,  particularly  the  open  state 
probability.  The  field  increased  the  activity  of  channels 
with  a  low  initial  activity  and  inhibited  channels  with 
initially  high  activity.  In  a  subsequent  study  [Fesenko 
et  al.,  1995],  these  effects  were  reproduced  without 
direct  irradiation  of  the  membrane,  just  by  applying 
bathing  solution  pre-exposed  for  30  min  at  2  mW/cm^ 
42.25  GHz.  Irradiation  of  the  solution  did  not  alter  its 
pH  or  Ca'^'^  concentration,  and  the  nature  of  the  MMW- 
introduced  channel-modifying  properties  of  the  solu¬ 
tion  is  not  understood.  The  solution  retained  its  biologi¬ 
cal  efficacy  for  at  least  10-20  min  after  cessation  of 
the  exposure. 

Kataev  and  coauthors  [1993]  used  a  voltage  clamp 
to  study  membrane  currents  in  giant  alga  cells  {Nitellopsis 
obtusa,  Characea).  Irradiation  for  30-60  min  at  41  GHz, 
5  mW/cm^  suppressed  the  chloride  current  to  zero  with 
no  recoveiy  for  10-14  h.  Marked  inhibitory  effects  were 
also  found  at  50  and  71  GHz,  whereas  most  of  other 
frequencies  tested  in  the  38—78  GHz  range  enhanced  the 
chloride  current  up  to  200—400%  (49, 70, 76  GHz).  This 
activation  was  reversible,  and  recovery  to  the  initial  value 
took  30-40  min.  Moreover,  “activating”  fiequencies 
could  restore  the  chloride  current  after  its  complete  and 
normally  irreversible  suppression  by  “inhibitory”  fie¬ 
quencies.  MMW  heating  did  not  exceed  1  “C,  and  neither 
activating  nor  inhibitory  effects  were  related  to  or  could 
be  explained  by  it  Calcium  current  also  changed  during 
irradiation,  but  this  effect  was  not  fiequency  dependent 
and  could  be  adequately  explained  by  heating.  The  au¬ 
thors  noted  that  algae  collected  in  the  fall  of  1990  and 
stored  over  the  winter  had  entirely  lost  MMW  sensitivity 
by  Febmary  1991. 

Experiments  with  artificial  bilayer  membranes 
and  snail  neurons  did  not  reveal  any  frequency-specific 
effects  of  MMW  [Alekseev  andZiskin,  1995;  Alekseev 
et  al.,  1997].  The  capacitance  of  artificial  membranes, 
ionic  channel  currents,  and  the  transport  of  tetraphe- 


nylboron  anions  changed  proportionally  to  MMW  heat¬ 
ing,  regardless  of  the  firequency  (53-78  GHz  range) 
or  modulation  used.  Irradiation  of  snail  neurons  at 
75  GHz  (600-4200  W/kg)  produced  biphasic  alter¬ 
ations  of  their  firing  rate,  which  were  similar  to  those 
caused  by  equivalent  conventional  heating. 

Burachas  and  Mascoliunas  [1989]  studied  MMW 
effects  on  the  compound  action  potential  (CAP)  in  iso¬ 
lated  frog  sciatic  nerve.  CAP  decreased  exponentially 
and  fell  10-fold  within  50-110  min  of  exposure  at 
77.7  GHz,  10  mW/cm^.  CAP  restored  entirely  soon 
after  the  exposure,  but  the  nerve  became  far  more  sensi¬ 
tive  to  MMW:  CAP  suppression  due  to  the  next  expo¬ 
sures  became  increasingly  steep  and  finally  took  only 
10-15  min.  This  sensitized  state  persisted  for  at  least 
16  h.  In  addition  to  this  “slow”  response,  switching 
the  field  on  increased  CAP  amplitude  instantly  by 
5-7%,  and  switching  it  off  caused  the  opposite  reac¬ 
tion.  These  effects  were  found  in  “winter”  frogs,  but 
weakened  and  finally  disappeared  in  spring. 

A  different  effect  in  the  isolated,#fog  nerve  was 
described  by  Chemyakov  and  coauthors  [1989].  The 
exposures  lasted  for  2-3  h,  either  with  a  regular  fre¬ 
quency  change  by  1  GHz  every  8— 9  ;min  or  with  a 
random  frequency  change  every  1-4  min  (53—78  GHz 
band,  0.1-0.2  mW/cm^).  The  latter  regimen  induced  an 
abrupt  CAP  “rearrangement”  in  11  of  12  exposed 
preparations:  the  position,  magnitude,  and  polarity  of 
CAP  peaks  (the  initial  CAP  was  polyphasic)  drastically 
changed  in  an  unforeseeable  manner.  The  other  expo¬ 
sure  regimen  altered  the  amplitude  and  duration  of  late 
CAP  components  in  30-40  min.  The  authors  supposed 
that  MMW  increased  CAP  conduction  velocity  in  fast 
nerve  fibers  and  decreased  it  in  slow  fibers. 

Neither  of  these  effects  on  CAP  conduction  was 
observed  by  Pakhomov  et  al.  [1997a].  Irradiation  for 
10-60  min,  either  at  various  constant  frequencies  or 
with  a  stepwise  frequency  change  did  not  alter  CAP  at 
0.2-1  mW/cm^.  At  2.0-2.8  mW/cm*,  it  produced  mi¬ 
nor  changes,  which  were  independent  from  the  fre¬ 
quency  and  matched  the  effect  of  heating.  At  the  same 
time,  a  different  MMW  effect  was  revealed  using  a 
high-rate  nerve  stimulation  test.  MMW  attenuated  the 
stimulation-induced  CAP  decrease  in  a  frequency- 
dependent  manner.  The  effect  reached  maximum  at 
41.34  GHz  [Pakhomov,  1997b],  and  at  this  frequency 
the  magnitude  of  changes  was  the  same  (20—25%)  at 
0.02,  0.1,  and  2.6  mW/cm^  [Pakhomov  et  al.,  1997c]. 
A  100  MHz  deviation  from  41.34  GHz  (to  41.24  or 
41.44  GHz)  reduced  the  effect  about  twofold,  and  a 
200  MHz  deviation  eliminated  it.  The  field  distribution 
over  the  preparation  at  these  frequencies  was  virtually 
the  same,  so  different  MMW  absorption  or  heating 
patterns  could  not  account  for  the  frequency  specificity 
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of  the  effect.  Interestingly,  the  most  effective  frequency 
in  these  experiments  happened  to  be  the  same  as  the 
resonance  frequency  in  the  cell  genome  studies  of 
Belyaev  et  al.  [1993a]. 

Low-intensity  MMW  radiation  effectively  changed 
membrane  functions  in  striated  muscle  and  cardiac 
pacemaker  cells  [Chemyakov  et  al.,  1989].  Exposure 
at  0.1-0.15  mW/cm^  for  90  s  or  less  (frequencies  be¬ 
tween  54  and  78  GHz)  decelerated  the  natural  loss  of 
transmembrane  potential  in  myocytes,  or  even  in¬ 
creased  it  by  5-20  mV.  Exposure  reduced  the  over¬ 
shoot  voltage,  action  potentid  amplitude,  and  conduc¬ 
tion  velocity.  This  effect  was  observed  in  80%  of  expo¬ 
sures,  with  no  clear  dependence  on  the  radiation 
frequency.  MMW  influence  on  pacemaker  activity  was 
analyzed  in  990  experiments  with  80  tissue  strip  prepa¬ 
rations  from  the  frog  heart  sinoatrial  area.  In  most 
cases,  irradiation  immediately  decreased  the  interspike 
interval,  often  in  less  than  2  s.  The  maximal  effect  was 
reached  within  30  s.  The  changes  linearly  increased 
with  the  incident  power  increase  in  the  range  from  20- 
30  to  500  pW/cm^.  The  frequency  dependence  of  the 
effect  was  individual,  with  at  least  four  maximums  in 
the  studied  range.  Maximal  preparation  heating  after  a 
2  s  exposure  at  1  mW/cm^  was  calculated  as  0.005  “C. 
With  a  physiologic  response  latency  of  less  than  2  s, 
this  response  could  not  be  thermal.  Exposure  to  infra¬ 
red  light  (4  to  6  pm  wavelength)  often  evoked  the 
same  effects  as  MMW,  but  the  threshold  intensity  was 
hundreds  of  times  greater. 

In  other  experiments  described  in  the  same  paper, 
low-intensity  N^IW  synchronized  firing  of  urinary 
bladder  mechanoreceptors,  suppressed  and  altered  the 
T-peak  on  electrocardiography  of  in  situ  exposed  myo¬ 
cardium,  enhanced  respiration,  altered  membrane  cal¬ 
cium  binding,  and  reduced  the  contractility  of  cardio- 
myocytes.  Summarizing  their  results,  the  authors  stated 
that  the  dependence  of  bioeffects  upon  radiation  fre¬ 
quency  is  not  monotonic.  Peaks  of  this  dependence  are 
individual  and  are  not  fixed  at  particular  frequencies, 
and  they  become  smoother  with  increased  complexity 
of  physiologic  control  mechanisms  involved. 

Other  In  Vitro  Effects 

Bulgakova  et  al.  [1996]  studied  how  MMW  expo¬ 
sure  of  Staphylococcus  aureus  eiffects  its  sensitivity  to 
antibiotics  with  different  mechanisms  of  action.  Irradi¬ 
ations  lasted  from  1.5  to  60  min  (54  or  42.195  GHz, 
or  66-78  GHz  band  with  1  GHz  steps,  10  mW/cm^). 
MMW  heating  did  not  exceed  1.5  ®C.  Over  1000  exper¬ 
iments  with  14  antibiotics  were  completed.  A  differ¬ 
ence  in  the  growth  of  exposed  cells  compared  with 
control  cells  was  most  often  observed  with  polypeptide 
antibiotics,  which  affect  the  cell  membrane  (gramicidin 


group),  but  not  with  inhibitors  of  cell  wall  synthesis 
(penicilhn  group),  of  DNA-dependent  RNA  synthesis 
(actinomycin  D),  of  the  RNA  polymerase  and  RNA 
synthesis  (heliomycin),  or  protein  biosynthesis  inhibi¬ 
tors  (neomycin,  tetracycline,  etc.).  Irradiation  either  in¬ 
creased  or  decreased  the  antibiotic  sensitivity,  and  the 
probability  of  these  opposite  effects  depended  on  the 
antibiotic  concentration.  MMW  could  induce  sensitiv¬ 
ity  to  subbactericidal  antibiotic  concentrations,  which 
normally  would  not  affect  the  cell  growth.  Within  stud¬ 
ied  limits,  the  effect  showed  no  clear  dependence  on 
the  radiation  intensity  or  frequency.  The  data  suggested 
that  some  membrane  processes  might  be  a  target  for 
the  MMW  effect.  The  authors  also  noted  that  MMW 
treatment  can  reveal  (or  even  induce)  the  heterogeneity 
of  the  sensitivity  of  a  cell  population  to  certain  antibi¬ 
otics. 

Rebrova  [1992]  reviewed  various  MMW  effects 
on  cell  metabolism,  synthesis  of  enzymes,  and  other 
processes  in  unicellular  organisms,  e.g.,  frequency-de¬ 
pendent  enhancement  and  suppression  of  colicin  syn¬ 
thesis  in  E.  coli,  stimulation  of  synthesis  of  fibrinolytic 
enzymes  in  Bacillus  firmus,  increasing  of  the  contents 
of  peptides,  DNA,  and  RNA  in  B.  mucilaginous,  and 
suppression  of  tolerance  to  antibiotics  in  S.  aureus.  The 
maximal  magnitude  of  MMW-induced  changes  ranged 
from  20  to  90%,  depending  on  the  wavelength  and  the 
initial  condition  of  the  strain.  In  contrast  to  bacteria, 
reproduction  rate  and  biosynthetic  properties  of  fungi 
Aspergillus  sp.,  Endomyces  fibuliger,  and  Dacthilyum 
dendraides  changed  only  after  repeated  exposures  (10 
times).  Certain  MMW  frequencies  increased  alpha  am¬ 
ylase  activity  in  A.  orizae  by  67%  and  suppressed  glu- 
coamylase  by  30%;  others  had  the  opposite  effect.  In 
yeast  species,  MMW  accelerated  maltose  fermentation 
by  73%,  whereas  synthesis  of  diacetil  and  aldehydes 
decreased  by  20%.  New  biosynthetic  culture  properties 
introduced  by  exposure  persisted  in  at  least  100  (5. 
carlsbergensis)  and  300  (5.  cerevisiae)  cell  genera¬ 
tions.  Hie  selective  stimulation  of  production  of  some 
enzymes  and  suppression  of  others  is  promising  for 
biotechnology. 

An  unusual  “double-resonance”  effect  of  MMW 
was  described  by  Gapeev  et  al.  [1994].  Spontaneous 
locomotor  activity  of  the  protozoan  Paramecium  cau- 
datum  was  not  affected  by  irradiation  unless  both  the 
radiation  frequency  and  modulation  were  tuned  to 
“resonance”  values.  These  values  were  42.25  GHz 
and  0.0956  Hz,  respectively  (0.5  duty  ratio).  At  these 
parameters,  the  threshold  field  intensity  was  about 
0.02  mW/cm^.  The  effect  reached  maximum  (about 
20%)  at  0.1  mW/cm^,  and  remained  at  this  level  at 
intensities  up  to  50  mW/cm^,  despite  increasing  heat 
production  (0.1 -0.2  ®C  at  5  mW/cm^).  CW  irradiation 
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or  modulation  rates  of  16,  8,  1,  0.5,  0.25,  or  0.05  Hz 
produced  no  effect,  regardless  of  the  field  intensity  or 
heating.  At  the  resonance  modulation  frequency,  a  shift 
of  the  carrying  frequency  to  42.0  or  42.5  GHz  elimi¬ 
nated  the  reaction.  No  effects  were  observed  with  heat¬ 
ing  of  samples  by  other  means,  e.g.,  infrared  light 
modulated  at  0.0956  Hz.  Locomotor  activity  changes 
similar  to  the  MMW  effect  could  be  evoked  by  increas¬ 
ing  the  level  of  intracellular  calcium,  pointing  to  a 
possible  mechanism  of  the  MMW  action.  However, 
reasons  for  the  “double-resonance”  dependence  of  this 
MMW  effect  remain  unclear. 

More  reported  MMW  effects  in  various  in  vitro 
systems  are  summarized  in  Table  1. 

ANIMAL  AND  HUMAN  STUDIES 
MMW  Effects  on  Peripheral  Receptors 

Abundant  evidence  for  MMW  effects  in  speci¬ 
mens  directly  exposed  in  vitro  neither  explains  nor 
predicts  possible  effects  at  the  organism  level.  It  is 
clearly  understood  that  MMW  penetration  into  biologi¬ 
cal  tissues  is  rather  shallow,  and  any  primary  response 
must  occur  in  skin  or  subcutaneous  structures,  or  at  the 
eye  surface.  This  primary  response  would  then  mediate 
all  subsequent  reactions  by  means  of  neural  and/or 
humoral  pathways.  The  nature  of  the  primary  response 
and  consequent  events  has  been  a  subject  of  intense 
speculation  [Golant,  1989;  Mikhno  and  Novikov,  1992, 
Rodshtadt,  1993],  but  there  is  little  experimental  proof. 
As  a  matter  of  fact,  the  link  between  cellular  and  organ- 
ismal  effects  is  missing  and  remains  the  least  under¬ 
stood  area  in  the  MMW  field.  However,  several  studies 
have  suggested  that  peripheral  receptors  and  afferent 
nerve  signaling  could  be  involved  in  the  whole  organ¬ 
ism’s  response  to  a  local  MMW  exposure. 

Akoev  et  al.  [1992]  studied  the  response  of  elec¬ 
troreceptor  Lorencini  capsules  in  anesthetized  rays. 
Spontaneous  firing  in  the  afferent  nerve  fiber  from  the 
capsule  could  be  either  enhanced  or  inhibited  by  MMW 
irradiation  (33-55  GHz,  CW).  The  most  sensitive 
receptors  increased  their  firing  rate  at  intensities  of 
1  _4  mW/cm^  which  produced  less  th^  0.1  °C  temper¬ 
ature  rise.  Intensities  of  10  mW/cm^  kd  higher  could 
evoke  a  delayed  inhibition  of  firing,  so  the  response 
became  biphasic.  The  authors  emphasized  that  what 
they  observed  was  not  merely  a  bioeffect  of  MMW, 
but  was  indeed  a  specific  response  of  the  receptor. 

Chemyakov  and  coauthors  [1989]  were  able  to 
induce  heart  rate  changes  in  anesthetized  frogs  by 
MMW  irradiation  of  remote  skin  areas.  The  latency  of 
the  changes  was  about  1  min.  Complete  denervation 
of  the  heart  did  not  prevent  the  reaction,  but  decreased 


its  probability.  The  data  suggested  a  reflex  mechanism 
of  the  MMW  action,  maybe  involving  certain  periph- 
eral  receptors. 

These  data  are  in  agreement  with  later  findings 
by  Potekhina  et  al.  [1992].  Certain  frequencies  from 
the  53-78  GHz  band  (CW)  effectively  changed  the 
natural  heart  rate  variability  in  anesthetized  rats.  The 
radiation  was  applied  to  the  upper  thoracic  vertebrae 
for  20  min  at  10  mW/cm^  or  less.  The  frequencies  of 
55  and  73  GHz  caused  pronounced  arrhythmia:  the 
variation  coefficient  of  the  R-R  interval  increased  four 
to  five  times.  Exposure  at  61  or  75  GHz  had  no  effect, 
and  other  tested  frequencies  caused  intermediate 
changes.  Skin  and  whole-body  temperature  of  the  ani¬ 
mals  remained  unchanged.  Similar  frequency  depen¬ 
dence  was  observed  in  additional  experiments  with 
3-h  exposures;  however,  about  25%  of  experiments 
were  interrupted  because  of  sudden  ammal  death 
that  occurred  after  2.5  h  of  exposure  at  51,  61,  and 
73  GHz.  A  possible  role  for  receptor  structures  and 
neural  pathways  in  the  development  ^of  the  MMW- 
induced  arrhythmia  was  discussed. 

Sazonov  et  al.  [1995]  compared  alterations  of 
spontaneous  afferent  firing  in  the  bladder  nerve  in  frogs 
when  the  bladder  was  exposed  to  infrared  radiation 
and  to  MMW  (42.19  ±  0.15  GHz,  10  raW/cm%  The 
infrared  intensity  was  adjusted  to  produce  the  same 
heating  as  MMW.  In  control  experiments,  the  firing 
rate  was  stable  for  at  least  1  —  1.5  h,  but  MMW  in¬ 
creased  it  instantly  from  30.9  to  32  spikes/s  (P  <  .05) 
and  to  48.3  spikes/s  (P  <  .01)  by  the  end  of  a  20- min 
exposure.  Immediately  after  cessation  of  irradiation, 
the  rate  fell  to  35.8  spikes/s,  which  was  still  signifi¬ 
cantly  higher  (P  <  .05)  than  before  the  treatment.  Infra¬ 
red  irradiation  did  not  cause  statistically  sigmficant 
changes.  This  difference  was  interpreted  as  a  proof  of 
a  specific  (nonthermal)  MMW  effect,  which  might  in 
principle  take  place  in  skin  receptors  as  well. 

In  contrast,  infrared  light  and  MMW  at  equivalent 
intensities  produced  smular  effects  on  the  firing  rate 
of  crayfish  stretch  receptor  [Khramov  et  al.,  1991]. 
Changes  were  proportional  to  the  average  incident 
power,  regardless  of  modulation  or  radiation  fre¬ 
quency,  and  were  regarded  as  merely  thermal. 

The  possibility  of  modifying  the  peripheral  recep¬ 
tor  function  by  low-intensity  MMW  has  been  demon¬ 
strated  directly  by  Enin  and  coauthors  [1992].  An  elec¬ 
trodynamic  mechanostimulator  was  used  to  apply 
mechanical  stimuli  (50-ms  duration,  1  to  2  mm  ampli¬ 
tude)  to  individual  skin  mechanoreceptors  on  the  sole 
of  the  hind  limb  of  anesthetized  rats.  Responses  to  the 
stimuH  were  recorded  from  afferent  fibers  in  the  iso¬ 
lated  and  cut  peripheral  end  of  the  tibial  nerve.  The 
sole  was  exposed  to  55,  61,  or  73  GHz  radiation  at 
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TABLE  1.  Other  In  Vitro  Effects  of  Millimeter  Wave  Radiation 
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0.75,  2.90,  or  7.81  mW/cm^  respectively.  Exposure 
lasted  for  35  min  and  caused  no  changes  in  the  skin 
temperature  (0.01  °C  accuracy).  MMW  did  not  excite 
mechanoreceptors,  but  markedly  altered  the  threshold 
and  latency  of  their  response  to  mechanic  stimuli.  In 
some  receptors,  the  threshold  gradually  increased,  up 
to  180%  of  the  initial  value.  In  others,  the  threshold 
initially  decreased  by  8-12%,  recovered  within 
10  min,  and  increased  to  160%  by  the  25th  min  of 
irradiation.  After  that,  the  receptors  became  completely 
inactive  and  no  longer  responded  to  mechanical  stim¬ 
uli.  The  receptor  response  latency  under  exposure 
could  fall  to  70%  or  rise  to  120%;  the  changes  could 
also  be  biphasic.  The  MMW-induced  changes  were 
maximum  at  73  GHz,  intermediate  at  55  GHz,  and 
Tnlnimiim  at  61  GHz,  despite  that  the  incident  power 
at  61  GHz  was  4-fold  greater  than  at  55  GHz.  The 
authors  supposed  that  sensations  reported  by  patients 
under  MMW  therapy  (vibration,  warmth,  numbness, 
etc.)  may  result  from  functional  disturbances  and 
blockage  of  receptors. 

The  ability  of  humans  to  detect  weak  MMW  has 
also  been  repeatedly  established  under  double-blind 
conditions  [Lebedeva,  1993, 1995;  Kotrovskaia,  1994]. 
An  examinee  was  situated  in  an  isolated  room  and  had 
no  contact  with  the  experimenter.  The  outer  surface  of 
the  hand  was  exposed  20  times,  for  1  min  each.  Expo¬ 
sures  were  separated  by  1  min  intervals  and  random¬ 
ized  with  sham  exposures.  The  start  and  end  of  each 
irradiation  and  placebo  were  accompanied  by  sound 
clicks.  The  examinee  had  to  push  a  button  when  he 
felt  the  field.  Neither  examinee  nor  researcher  knew 
the  sequence  of  exposures  and  sham  exposures;  correct 
and  incorrect  reactions  were  recorded  automatically. 
Field  perception  was  characterized  by  the  reaction  re¬ 
liability  (the  percent  of  MMW  exposures  detected)  and 
the  false  alarms  level  (the  percentage  of  sham  expo¬ 
sures  erroneously  detected).  An  examinee  was  regard^ 
as  capable  of  detecting  the  field  if  the  reaction  reliabil¬ 
ity  consistently  and  statistically  significantly  exceeded 
the  false  alarm  level.  With  different  frequencies  (37.7, 
42.25,  53.57  GHz),  intensities  (from  5  to  15  mW/cm^) 
and  bandwidths,  the  radiation  was  detected  by  30  to 
80%  of  examinees.  Interestingly,  37.7  GHz  radiation 
at  15  mW/cm^  was  detected  by  far  fewer  people  than 
42.25  GHz  at  5  mW/cm^.  The  reaction  latency  was 
usually  between  40  and  50  s.  It  was  speculated  that 
MMW  perception  could  involve  some  types  of  mecha¬ 
noreceptors  and  nociceptors. 

Teratogenic  effects  of  MMW 

The  only  study  of  MMW  teratogenic  effects  was 
performed  in  Drosophila  flies  by  Belyaev  et  al.  [1990]. 
Embryos  of  the  blastula  and  gastrula  stages  (2.5-3  h 


after  laying)  and  pupas  al  the  stage  of  imago  tissue 
formation  were  exposed  in  a  waveguide  at  46.35,  46.42, 
or  46.50  GHz,  for  4-4.5  h  at  0.1  mW/cm^  followed  by 
incubation  at  25  “C.  Irradiation  at  46.35  GHz,  but  not  at 
46.42  or  46.50  GHz,  caused  marked  effects.  Exposure  of 
pupas  increased  incidence  of  morphologic  abnormahties 
2-4.5  times  (P  <  .05),  but  did  not  influence  imago  sur¬ 
vival.  Exposure  of  embryos  decreased  survival  by  about 
30%  (P  <  .05)  and  enhanced  morphologic  abnormalities, 
but  this  effect  was  rather  variable.  Supposedly,  MMW 
disturbed  DNA-protein  interactions  that  determine  the  re¬ 
alization  of  the  ontogenetic  program. 

High-Power  MMW  Effects 

Over  the  past  several  years,  physiologic  effects 
of  high  levels  of  MMW  radiation  have  been  intensively 
studied  by  Frei  et  al.  [1995],  Frei  and  Ryan  [1997], 
and  Ryan  et  al.  [1996, 1997].  In  ketamine  anesthetized 
rats,  exposure  to  35  GHz,  75  mW/cm^  radiation 
(12-13  W/kg  whole  body  SAR)  increas^  the  subcuta¬ 
neous  temperature  by  0.25  °C!/tnin  andftie  colonic  tem¬ 
perature  by  0.08  ‘’C/min.  Concurrently  with  the  hyper¬ 
thermia,  mean  arterial  blood  pressure  first  increased 
slightly  and  then  fell  until  the  point  of  death.  Hypoten¬ 
sion  was  accompamed  by  vasodilation  in  the  mesen¬ 
teric  vascular  bed,  similar  to  what  occurs  in  heat  stroke 
induced  by  environmental  heating.  However,  the  onset 
of  vasodilation  and  hypotension  occurred  at  rrmch 
lower  colonic  temperatures  (<  37.5  °C  vs.  >  41.5  C). 
The  lethal  effect  became  irreversible  when  the  mean 
arterial  pressure  fell  to  75  mm  Hg,  even  if  the  exposure 
was  discontinued.  Most  intriguing,  pathologic  exami¬ 
nation  of  the  skin  of  lethally  exposed  animals  revealed 
no  significant  thermal  damage  or  full-thickness  bum, 
and  cardiovascular  responses  did  not  mimic  those  ob¬ 
served  in  traditional  bum  models.  Searching  for  physi¬ 
ologic  mechanisms  mediating  the  hypotensive  re¬ 
sponse,  the  authors  established  that  nitric  oxide,  plate¬ 
let-activating  factor,  and  histamine  did  not  contribute 
to  it.  Exposure  of  rats  at  94  GHz  at  a  similar  SAR 
produced  a  comparable  pattern  of  heating  and  cardio¬ 
vascular  responses. 

Experimental  MMW  Therapy:  Animal  Studies 

Except  those  cited  above,  virtually  all  animal 
studies  on  MMW  effects  have  been  related  to  various 
issues  of  MMW  therapy,  such  as  stress  relief,  vvound 
healing,  tissue  regeneration,  and  protection  from  ioniz¬ 
ing  radiations.  Paradoxically,  these  animal  studies  are 
still  less  numerous  and  comprehensive  than  reports  on 
MMW  therapy  in  humans.  Many  applications  of  the 
MMW  therapy  seem  to  have  never  been  adequately 
tested  in  animal  experiments.  For  example,  we  counted 
38  publications  (including  meeting  abstracts)  on  vari- 
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ous  clinical  aspects  of  the  MMW  therapy  for  peptic 
ulcers,  but  could  find  just  one  animal  study  on  this 
subject.  It  seems  that  in  some  cases  animal  studies  did 
not  precede  the  clinical  use  of  MMW  (as  one  would 
expect),  but  were  carried  out  to  create  experimental 
justification  for  already  reported  clinical  data. 

Tissue  repair  and  regeneration.  Among  possible  ther¬ 
apeutic  applications  of  MMW,  the  more  plausible  and 
understandable  are  treatments  of  surface  lesions 
(wounds,  bums,  ulcers),  which  are  directly  reachable 
by  the  radiation.  Indeed,  this  application  has  gained 
sound  experimental  support  from  several  independent 
works.  Other  studies  have  demonstrated  that  repair  of 
deep  tissues  (bone  and  nerve)  could  also  be  stimulated 
by  MMW,  suggesting  that  such  effects  are  mediated 
by  activation  of  the  organism’s  own  recovery  mecha¬ 
nisms. 

Zemskov  et  al.  [1988]  studied  MMW  effects  on 
healing  of  skin  wounds  in  rabbits.  The  animals  were 
randomly  assigned  to  four  groups;  wounds  in  groups 
1  and  2  were  kept  aseptic,  and  those  in  groups  3  and 
4  were  infected  with  a  pathogenic  Staphylococcus.  The 
wound  surface  in  groups  1  and  3  was  treated  with  37 
or  46  GHz  CW  MMW  at  1  mW/cm^  for  30  min,  twice 
a  day  for  5  days.  A  horn  irradiator  was  placed  2-5  mm 
over  the  wound  surface.  Rabbits  in  groups  2  and  4 
served  as  imtreated  control  animals.  MMW  decreased 
swelling  of  wound  edges,  hyperemia,  and  infiltration, 
and  rapidly  reduced  the  wound  area  in  the  first  24  h; 
it  also  stimulated  phagocytosis  and  reduced  bacterial 
contamination.  Complete  healing  of  aseptic  wounds  in 
the  exposed  group  took  2.9  days  less  than  in  the  control 
group.  Infected  wounds  cleaned  up  and  filled  with 
granulation  tissue  on  days  14-16  in  the  exposed  group 
and  only  on  days  21-23  in  the  respective  control  ani¬ 
mals. 

A  similar  protocol  was  used  in  a  double-blind 
replicative  study  by  Korpan  et  al.  [1994].  Rabbits  with 
4x6  cm  cutaneous  wounds  were  randomly  divided 
into  four  groups  of  18  animals  each.  The  wounds  of 
two  groups  were  rendered  septic  by  inoculating  them 
with  10®  Staphylococcus  cells.  The  wound  was  exposed 
for  30  min  a  day  (37  GHz  CW,  1  mW/cm^),  for  5  days 
in  one  aseptic  group  and  for  7  days  in  a  septic  one. 
The  horn  aperture  was  10  cm  from  the  wound  surface. 
The  other  two  groups  were  sham-irradiated  and  served 
as  aseptic  and  septic  control  groups.  In  irradiated  ani¬ 
mals,  wound  edge  swelling  and  hyperemia  subsided 
faster,  and  granulation  tissue  filled  the  wound  earlier. 
On  day  7,  for  example,  the  surface  area  of  septic 
wounds  decreased  by  19%  in  the  control  group,  and  by 
44%  in  the  irradiated  group.  The  mean  daily  decrease 
in  wound  surface  area  of  the  irradiated  animals  was 


significantly  greater  than  in  the  control  animals:  7.9% 
vs.  3.2%  in  the  aseptic  groups,  and  6.3%  vs.  2.7% 
in  the  septic  groups  (P  <  .05).  Exposures  stimulated 
phagocytic  activity  of  neutrophils  and  decreased  the 
blood  level  of  circulating  immune  complexes.  Thus, 
MMW  irradiation  enhanced  both  septic  and  aseptic 
wound  healing  and  stimulated  immune  function. 

Detlavs  et  al.  [1993,  1994,  1995,  1996]  have  ex¬ 
tensively  studied  MMW  effects  on  the  composition  of 
granulation  fibrous  tissue  (GFT)  during  early  stages  of 
wound  healing.  Their  experiments  were  performed  in 
rats  with  incised  full-thickness  dermal  wounds.  The 
injured  area  was  exposed  for  30  min  daily  for  5  days 
at  10  mW/cm^  (53.53  or  42.19  GHz  CW,  or  42.19  GHz 
with  200  MHz  frequency  modulation.  Control  ani¬ 
mals  underwent  the  same  manipulations,  but  were 
sham  exposed.  GFT  samples  from  the  wound  were 
taken  for  analysis  on  the  7th  day.  CW  irradiation  sig¬ 
nificantly  decreased  the  GFT  contents  of  glycoproteins 
(hexosamines,  hexoses,  and  sialic  acids),  indicating  a 
suppression  of  the  inflammatory  proceSs.  In  contrast, 
modulated  MMW  enhanced  the  inflammation  and  in¬ 
creased  the  production  of  glycoproteins.  CW  exposure 
decreased  the  GFT  content  of  hydroxyproline,  which 
is  a  marker  for  total  collagen,  to  79-85%  of  the  control 
(P  <  .01),  whereas  the  modulated  regimen  increased 
it  to  126-133%  (P  <  .001).  CW  radiation  at  53.53  GHz 
usually  was  more  effective  than  at  42.19  GHz.  Both 
the  anti-  and  proinflammatory  effects  of  MMW  could 
be  useful  in  clinical  practice.  CW  exposure  can  be 
recommended  for  early  stages  of  the  wound  healing 
when  control  of  the  inflammatory  reaction  is  desirable. 
Modulated  radiation  can  be  used  to  promote  ultimate 
recovery  in  slow-healing  wounds  or  in  cases  of  healing 
deceleration  in  the  late  stages  of  tissue  repair. 

Ragimov  et  al.  [1991]  used  MMW  to  stimulate 
the  repair  of  an  experimentally  produced  bone  defects 
in  rabbits.  A  hole  6  mm  in  diameter  was  drilled  in  the 
lower  jaw  bone,  and  the  wound  was  sutured.  The  first 
exposure  for  30  or  60  min  was  performed  the  next  day, 
and  six  more  exposures  were  done  over  the  next 
2  weeks.  The  shaven  nape  was  exposed  from  a  horn 
(2-cm^  aperture)  placed  3-4  mm  from  the  skin 
(5.6-mm  wavelength,  25  mW  output  power).  Control 
animals  were  handled  similarly.  Five  animals  from 
each  group  were  killed  every  week  for  morphologic 
and  roentgenographic  analysis  of  bone  repair.  One 
week  after  the  operation,  the  extent  of  reparative  os¬ 
teogenesis  was  the  same  in  all  the  groups.  Later  on, 
the  regeneration  was  faster  in  exposed  animals,  particu¬ 
larly  in  the  group  with  60-min  exposures.  By  the  end 
of  the  observation  period  (28  days),  the  appearance  of 
the  traumatic  defect  in  the  control  group  was  nearly 
the  same  as  it  was  in  exposed  animals  on  day  21. 
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Hence,  irradiation  shortened  the  bone  repair  time  by 
approximately  1  week. 

Kolosova  and  coauthors  [1996a]  established  that 
MMW  treatment  could  promote  regeneration  of  a  dam¬ 
aged  peripheral  nerve.  The  sciatic  nerve  in  40  rats  was 
transected  in  the  thigh  region  and  sutured.  Skin  over 
the  injtuy  area  was  irradiated  every  third  day  for 
10  min  with  4-mW/cm^,  54-GHz  radiation  for  7  or 
20  days;  control  rats  were  sham  irradiated.  Exposures 
did  not  change  the  skin  temperature  (0.1  °C  accuracy). 
Upon  the  completion  of  the  treatment  course,  the  nerve 
was  isolated,  and  the  extent  of  regeneration  was  as¬ 
sessed  electrophysiologically.  After  the  7-day  course, 
the  regeneradon  distance  was  4.8  mm  vs.  3.0  mm  in 
the  control  animals  (P  >  .05).  After  the  20-day  course, 
the  effect  became  statistically  significant:  the  regenera¬ 
tion  distance  was  18.4  ±  0.4  mm  versus  14.0  ± 
1.4  mm  (P  <  .01).  The  nerve  conduction  velocity  also 
significantly  increased,  whereas  the  amplitude  and  du¬ 
ration  of  the  action  potential  were  not  affected. 

In  a  continuation  study  [Kolosova  et  al.,  1996b], 
the  same  irradiations  were  performed  for  2  weeks  after 
the  injury,  and  the  nerve  was  isolated  for  examination 
in  5  months.  Indices  of  regeneration  were  the  com¬ 
pound  action  potential  amplitude  and  conduction  ve¬ 
locity  at  different  distances  (5  to  19  mm)  distal  from 
the  suture.  Both  parameters  were  higher  in  the  exposed 
animals.  For  example,  19  nun  from  the  suture,  the 
velocity  was  20.4  ±  0.9  m/s  vs.  15.5  ±  0.9  m/s  in 
control  animals  (P  <  .05),  and  the  amplitude  was  313 
±  34  ^iV  versus  156  ±  15  |iV  (P  <  .001).  Hence, 
exposures  not  only  stimulated  the  growth  of  nerve  fi¬ 
bers,  but  facilitated  their  functional  maturation  as  well. 

Tumor  growth  and  development.  Experiments  by 
Smirnov  et  al.  [1991]  were  designed  to  evaluate  the 
possible  use  of  MMW  for  the  treatment  of  cancer. 
VMR  tumor  cells  with  a  high  metastasizing  activity 
were  inoculated  into  the  tibial  muscle  of  A/SNL  line 
mice  at  5  X  10*  cells/animal.  Exposure  for  5  days,  1  h 
daily  (12.5  mW/cm^  7.09-  to  7.12-mm  wavelength, 
50  Hz  modulation),  increased  the  average  life  span  by 
17%  compared  with  sham  control  cells.  The  number 
of  visible  metastases  decreased  by  more  than  50%  in 
lungs,  liver,  kidney,  and  adrenal  glands,  but  not  in 
lymph  nodes.  The  authors  noted  variability  of  the 
MMW  effect,  and  in  one  series  exposure  even  intensi¬ 
fied  metastasizing. 

Chernov  et  al.  [1989]  attempted  to  suppress  ma¬ 
lignant  growth  by  extremely  high  peak  power  nanosec¬ 
ond  MMW  pulses.  Rats  were  exposed  immediately 
after  inoculation  with  10, 25,  or  50  (X  10*)  Walker  tumor 
cells  and  received  two  more  exposures  during  the 
next  2  days.  Each  exposure  consisted  of  43  pulses 


delivered  at  40-s  intervals.  Two  regimens  were 
tested:  8-mm  wavelength  at  4-5  MW  output  power, 
yielding  20  kV/cm  E-field  level  at  the  skin  surface, 
and  5  mm,  8-10  MW,  30  kV/cm,  respectively.  The 
first  of  these  regimens  retarded  tumor  growth  1.5 
times  and  increased  the  life  span  by  17—25  days  after 
the  inoculations  with  10  and  25  (X  10*)  cells  the 
other  regimen  was  less  effective.  The  antitumor  ef¬ 
fect  was  presumably  mediated  by  stimulation  of  im¬ 
mune  system,  namely  the  so-called  skin-associated 
lymphoid  tissue.  Preliminary  studies  with  exposure 
before  tumor  inoculation  showed  that  MMW  re¬ 
tarded  the  tumor  growth  nearly  twofold. 

Because  of  concern  about  possible  adverse  effects 
of  MMW  use  in  cancer  patients,  Brill’  and  Pamna 
[1994]  studied  the  transplantabiUty  and  growth  of  a 
benign  tumor  (mammary  fibroadenoma)  in  rats.  Two 
tumor  pieces  were  implanted  to  the  right  and  left  sides 
through  a  cut  in  the  middle  of  the  abdomen.  In  20  of 
49  operated  animals,  tissues  in  the  cut  were  exposed 
to  MMW  (42.0-43.3  GHz  band)  for  Ifi^min  before  the 
implantation,  the  Other  animals  served  as  control.  In 
3  weeks,  39  of  58  tumors  (67.3%)  resolved  in  the 
control  group,  but  only  11  of  40  (27.5%)  resolved  in 
the  exposed  animals  (P  <  .001).  The  percentages  of 
stable  and  growing  unresolved  tumors  in  both  the 
groups  were  the  same.  Hence,  a  single  MMW  exposure 
of  the  implantation  area  increased  tumor  transplantabil- 
ity,  although  did  not  affect  its  proliferation. 

Stress  alleviation  and  prevention  effects.  Temur’iants 
and  Chuyan  [1992]  demonstrated  that  MMW  can  alle¬ 
viate  immobilization-induced  stress  in  rats.  The  authors 
established  that  this  MMW  effect  differed  in  specimens 
with  different  characteristic  levels  of  exploratory  activ¬ 
ity,  as  evaluated  by  an  open-field  testing.  In  further 
studies,  the  open-field  testing  was  always  done  before 
stressing  and  MMW  exposures,  to  divide  the  popula¬ 
tion  into  appropriate  groups. 

One  of  these  studies  [Temur’iants  et  al.,  1993] 
was  performed  on  350  animals  divided  by  low  (LA), 
medium  (MA),  and  high  (HA)  activity.  Each  activity 
level  was  subdivided  into  five  groups;  group  1  was 
cage  control,  and  groups  2-5  were  housed  for  9  days 
in  individual  boxes  restricting  their  motion.  Animals 
in  groups  3—5  received  daily  30-min  MMW  exposures 
of  the  occipital  area,  left  hip,  or  right  hip,  respectively 
(5.6-nun  wavelength,  10  mW/cm^).  Stress  severity  was 
quantified  by  indices  of  the  ‘  ‘nonspecific  resistivity’  ’  of 
the  organism,  which  included  the  lipids  and  peroxidase 
contents  in  neutrophils,  and  succinate  and  alpha-2- 
glycerophosphate  dehydrogenases  activities  in  lym¬ 
phocytes.  A  typical  stress  reaction  developed  in  unex¬ 
posed  MA  rats:  by  days  6-9,  the  contents  of  lipids  and 
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peroxidase  decreased  by  21-24%,  and  the  activity  of 
dehydrogenases  fell  by  36-46%.  Occipital  or  right  hip 
MMW  irradiation  prevented  the  stress  reaction  in  MA 
rats,  whereas  the  left  hip  exposure  was  not  effective. 
The  immobilization  stress  was  the  most  pronounced  in 
unexposed  HA  animals;  MMW  exposures  of  the  left 
hip  or  occipital  area  prevented  stress,  whereas  expo¬ 
sures  of  the  right  hip  had  little  effect.  In  LA  animals, 
the  stress  reaction  was  relatively  weak,  and  all  the  types 
of  MMW  treatment  alleviated  it. 

The  next  study  used  640  albino  rats,  all  with  a 
medium  level  of  locomotor  activity  [Temur’iants  et  al., 
1994].  The  same  indices  as  above  were  compared  in 
four  groups:  cage  control,  hypokinesia  without  expo¬ 
sures,  exposures  without  hypokinesia,  and  both.  The 
occipital  area  was  exposed  for  30  min/day,  9  days  at 
either  5.6-  or  7.1-mm  wavelength.  Exposures  without 
hypokinesia  strongly  activated  succinate  dehydroge¬ 
nase  (up  to  twofold,  P  <  .05).  Irradiation  at  5.6  mm 
(but  not  at  7.1  mm)  increased  the  activities  of  acid  and 
alkaline  phosphatases  and  glycerophosphate  dehydro¬ 
genase  by  20-30%.  Both  wavelengths  prevented  or 
reversed  stress-induced  changes,  5.6  mm  was  more 
effective.  Further  experiments  with  5.6-mm  radiation 
established  that  exposures  for  15  min/day  were  less 
effective  than  for  30  min/day,  and,  paradoxically,  in¬ 
creasing  the  exposure  duration  to  60  min/day  elimi¬ 
nated  its  antistress  effect. 

A  similar  exposure  technique  was  independently 
used  by  Arzumanov  et  al.  [1994].  The  oecipital  area 
was  exposed  at  5.6  mm  simultaneously  with  immobili¬ 
zation  of  the  rat’s  head  for  60  min/day  for  10  days. 
This  stressing  suppressed  feeding  and  sexual  behavior. 
It  also  increased  the  motor  activity  in  a  swimming  test 
to  the  same  degree  in  exposed  and  unexposed  groups. 
The  authors  hypothesized  that  the  immobilization 
stress  was  too  severe  and  might  mask  MMW  effects, 
so  in  the  next  series  rats  were  immobilized  and  exposed 
for  only  30  min/day  for  9  days.  The  stress  effect  was 
assessed  by  the  electric  shock  threshold,  free-access 
water  consumption,  and  Vogel’s  choice  test  (consump¬ 
tion  of  water  when  each  attempt  to  drink  is  accompa¬ 
nied  by  an  electric  shock).  Immobilization  without  ex¬ 
posure  decreased  threefold  the  number  of  attempts  to 
drink  in  Vogel’s  test;  but,  when  immobilization  was 
combined  with  MMW  exposures,  this  index  remained 
the  same  as  in  cage  control  animals.  The  shock  thresh¬ 
old  and  free-access  water  consumption  were  not 
changed  by  MMW. 

It  is  interesting  to  note  some  parallelism  in  the 
above  two  studies.  Using  the  same  exposure  proce¬ 
dures,  but  different  protocols  and  end  points,  both  re¬ 
search  groups  established  that  there  is  an  anti-stress 
effect  of  a  30-min  irradiation,  but  there  is  no  such 


effect  if  the  exposure  duration  is  60  min.  The  decreased 
efficacy  of  a  more  prolonged  MMW  irradiation  has 
been  observed  in  some  other  clinical  and  experimental 
studies  as  well,  but  this  unusual  time  dependence  has 
not  yet  been  discussed  or  explained. 

Combined  MMW  and  ionizing  radiation  exposure. 
Gubkina  et  al.  [1996]  researched  whether  low-intensity 
MMW  can  alleviate  the  effect  of  X-rays  in  rats.  The 
abdominal  area  was  shaved  and  exposed  to  MMW  in  a 
firquency-sweep  regimen  (38  to  53  GHz)  at  7  mW/cm^ 
for  23  days,  30  min/day.  Control  animals  not  treated  by 
MMW  underwent  all  the  same  manipulations,  including 
shaving.  Exposures  to  150  keV  X-rays  were  performed 
daily  during  the  last  8  days  of  the  MMW  course  up  to  a 
total  dose  of  24  roentgen.  Blood  serum  and  brain  tissue 
samples  were  collected  the  next  day  after  the  end  of 
exposures.  MMW  alone  did  not  alter  the  serum  glucose 
level  (6.24  ±  0.79  mM  versus  6.53  ±  0.80  mM  in  con¬ 
trol  animals);  X-ray  exposure  increased  it  to  10.37  ± 
0.75  mM  {P  <  .05),  but  combining  X-rays  with  MMW 
prevented  this  rise  (6.81  ±  0.37  mM).  MMW  decreased 
the  content  of  the  soluble  form  of  the  acidic  glial  fibrillar 
protein  (s-AGFP)  1.5-2  times  (P  <  .05)  in  all  analyzed 
structures  of  the  brain  (cerebellum,  midbrain,  and  medulla 
oblongata)  and  did  not  change  the  content  of  its  fibrillar 
form  (f-AGFP).  X-rays  decreased  the  levels  of  both  forms 
of  the  protein  two  to  three  times.  After  combined  treat¬ 
ment  with  MMW  and  X-rays,  both  s-  and  f-AGFP  levels 
did  not  differ  from  control  animals  and  were  significantly 
(P  <  .05  and  P  <  .01)  higher  than  after  X-rays  only. 
The  authors  concluded  that  MMW  alleviated  the  effect 
of  X-rays  at  both  cellular  and  organism  levels. 

Two  other  studies  are  of  interest,  although  they 
are  only  brief  reports  that  do  not  contain  essential  ex¬ 
perimental  details.  Kuzmanova  and  Ivariov  [1995] 
studied  changes  in  the  surface  electrical  charge  of 
erythrocytes  after  MMW  and  y-ray  exposures  in  rats.  The 
slidn  of  the  right  hind  limb  was  exposed  to  5.6-mm 
radiation  for  10  days,  20  min/day  at  1.1  mW/cm^, 
followed  with  a  6  Gy  whole-body  dose  of  ‘^’Co  y-rays. 
The  surface  charge  of  erythrocytes  was  assessed  from 
their  electrophoretic  mobility  (EPM)  3,  7,  14,  21,  and 
30  days  after  the  exposures.  The  MMW  treatment  alone 
had  practically  no  effect,  whereas  y-rays  alone  de¬ 
creased  EPM  for  the  whole  period  of  observation. 
When  y-irradiation  was  preceded  by  MMW,  the  EPM 
remained  the  same  as  in  control  animals.  The  authors 
concluded  that  MMW  stabilized  the  membrane  struc¬ 
ture  and  increased  its  resistivity  to  y-radiation. 

Tsutsaeva  et  al.  [1995]  examined  MMW-induced 
survival  changes  in  mice  after  a  lethal  dose  of  X-rays. 
Irradiation  with  pulse-modulated  MMW  at  1  pW/cm^ 
continued  for  80  or  24  h  before  X-ray  exposure  or  was 
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simultaneous  with  the  X-ray  exposure.  All  tested  X- 
ray  doses  (7,  7.5,  and  8  Gy)  were  100%  lethal  with  an 
average  life  span  of  6-8  days;  the  first  fatalities  oc¬ 
curred  on  days  4-6.  MMW  treatment  for  80  h  before 
7  Gy  of  X-rays  delayed  the  first  deaths  until  day  14; 
50%  of  the  population  died  within  30  days,  and  100% 
of  the  animals  died  by  day  96.  The  MMW  treatment 
for  24  h  appeared  even  more  effective:  first  deaths 
occurred  on  day  8,  50%  of  the  animals  died  within  30 
days,  but  no  more  fatalities  were  observed  through  day 
96.  Microwave  irradiation  simultaneously  with  the  X- 
rays  (7  Gy)  increased  the  survive  and  life  span  of  mice 
approximately  fivefold.  The  protective  effect  of  24-h 
MMW  pretreatment  decreased  with  increasing  X-ray 
dose  to  7.5  Gy  and  became  insubstantial  at  8  Gy. 

MMW  Therapy:  Clinical  Studies 

The  first  clinical  trials  of  MMW  therapy  began 
in  1977,  and  today  the  method  has  been  officially  ap¬ 
proved  by  the  Russian  Ministry  of  Health  and  is  used 
widely.  As  mentioned  in  the  Introduction  section,  by 
1995  over  3  million  people  have  been  treated  at  more 
than  a  thousand  specialized  centers  as  well  as  at  regular 
hospitals  [Lebedeva  and  Betskii,  1995]. 

General  issues  of  the  MMW  therapy.  MMW  therapy 
involves  repetitive  local  exposures  of  certain  body 
areas  with  low-intensity  MMW.  The  area(s)  to  be  ex¬ 
posed,  the  radiation  wavelength,  and  daily  duration  of 
procedures  are  determined  by  the  physician  based  on 
the  disease  and  the  condition  of  the  particular  patient. 
The  radiation  intensity  is  usually  regarded  as  a  less 
important  variable.  For  most  diseases,  the  daily  expo¬ 
sure  varies  from  15  to  60  min,  and  the  therapy  lasts 
for  8-15  days. 

Publications  on  the  clinical  use  of  MMW  number 
in  the  hundreds.  Many  of  them  have  claimed  that 
MMW  monotherapy  is  more  effective  (sometimes,  far 
more  effective)  than  conventional  methods,  such  as 
drug  therapy,  for  a  variety  of  diseases  and  disorders. 
In  some  cases,  MMW  has  helped  the  patients  who  had 
already  tried  all  other  known  therapies  without  success 
and  were  considered  incurable.  At  the  same  time, 
MMW  seldom  caused  any  adverse  effects  or  allergies. 
MMW  in  combination  with  drag  therapy  facilitated 
favorable  effects  and/or  reduced  adverse  side  effects 
of  drags.  Some  authors  reported  that  MMW  might  be 
highly  effective  or  not  effective  at  all,  contingent  on 
the  patient’s  condition,  individual  sensitivity  to  MMW, 
and  parameters  of  irradiation.  A  few  authors  reported 
that  MMW  therapy  was  always  less  effective  than  con¬ 
ventional  techniques,  and  we  found  only  one  clinical 
study  saying  that  MMW  therapy  was  not  effective  at 
all  [Serebriakova  and  Dovganiuk,  1989]. 


Diseases  reported  td  be  successfully  treated  with 
MMW  belong  to  rather  diversified  groups.  The  most 
common  applications  of  MMW  are  for  gastric  and  duo¬ 
denal  ulcers  (about  25%  of  studies);  cardiovascular  dis¬ 
eases,  including  angina  pectoris,  hypertension,  isch¬ 
emic  heart  disease,  infarction  (about  25%);  respiratory 
sicknesses,  including  tuberculosis,  sarcoidosis,  bron¬ 
chitis,  asthma  (about  15%);  and  skin  diseases,  includ¬ 
ing  wounds,  trophic  ulcers,  bums,  atopic  dermatitis 
(about  10%).  These  percentages  are  approximate,  be¬ 
cause  we  could  not  cover  all  clinical  studies  published 
and  because  many  authors  reported  treatment  of  several 
diseases  in  one  paper  (so  the  sum  would  be  over  100%). 
Isolated  studies  claimed  successful  MMW  treatment 
for  asthenia,  neuralgia,  diabetes  melhtus,  osteochon¬ 
drosis,  acute  viral  hepatitis,  glomerulonephritis,  alco¬ 
holism,  etc.  MMW  were  also  used  for  alleviation  of 
toxic  effects  of  chemotherapy  in  cancer  patients  and  in 
preventive  medicine  and  he^th  resort  therapy. 

In  most  cases,  physicians  use  specialized  MMW 
generators,  which  are  produced  commercially  by  the 
medical  equipment  industry.  These  generators  operate 
at  average  radiation  intensities  of  10  mW/cm^  or  less  in 
CW  or  frequency-modulated  regimens  at  certain  fixed 
frequencies  or  within  a  wide  frequency  band.  Three 
models  have  been  reported  used  more  often  than  all 
others  together:  “Yav’-1-7,1”  (7.1-mm  wavelength, 
42.19  GHz)  (36%),  “Yav’-l-5,6”  (5.6  mm,  53.53  GHz) 
(31%),  and  “Electronica-KVCh”  (4.9  mm,  59-63 
GHz  band)  (10%).  Different  generators  were  often  used 
within  a  single  study  to  compare  their  therapeutic  effi¬ 
cacy;  and  more  often  than  not,  the  efficacy  was  differ¬ 
ent,  depending  on  the  disease  and  patients’  condition. 
Some  authors  used  in  vitro  tests  to  determine  which 
wavelength  is  more  suitable  for  a  particular  patient 
before  the  onset  of  the  therapy  [Novikova  et  al.,  1995]. 
However,  we  have  been  unable  to  identify  references 
to  the  original  studies  that  had  shown  why  the  frequen¬ 
cies  of  42.19,  53.53,  and  59-63  GHz  (and  not  others) 
should  be  used  for  therapy. 

In  about  30%  of  clinical  studies,  the  radiation 
is  applied  to  standard  acupuncture  points  or  so-called 
biologically  active  points.  This  procedure  is  often  com¬ 
bined  with  finding  the  individual  “resonance”  fre¬ 
quency  based  on  MMW-evoked  “sensations”  of  the 
patient  (a  method  called  “microwave  resonance  ther¬ 
apy”).  In  our  opinion,  this  procedure  should  be  re¬ 
garded  as  a  variety  of  acupuncture  techniques  along 
with  electropuncture,  acupressure,  etc.  Assuming  the 
therapeutic  efficacy  of  these  techmques,  it  is  no  sur¬ 
prise  that  MMW  can  be  effective  as  well:  irradiation 
at  about  10  mW/cm^  can  also  stimulate  acupuncture 
points  by  subtle  heating  or  thermal  “micromassage.” 
Clinical  effects  of  the  “MMW-puncture”  are  nonspe- 
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cific,  meaning  that  they  are  similar  to  those  of  tradi¬ 
tional  puncture-based  techniques.  These  effects  are  de¬ 
termined  by  the  selection  of  acupuncture  points,  inten¬ 
sity  and  duration  of  their  stimulation,  rather  than  by 
using  MMW  or  other  means  for  the  stimulation.  There¬ 
fore,  studies  using  the  MMW-puncture  seem  to  be  of 
greater  interest  for  the  acupuncture  practice  than  for 
die  bioelectromagnetic  science;  such  studies  will  be 
left  beyond  the  scope  of  the  present  review. 

Other  areas  of  MMW  exposure  include  sternum 
and  xiphoid  process,  skin  projection  of  the  diseased 
organ,  large  joints,  and  the  surface  of  wounds  and  ul¬ 
cers.  Once  again,  we  could  not  identify  the  studies 
that  originally  provided  the  rationale  and  experimental 
proof  for  the  useful  nature  of  MMW  exposure  of  these 
particular  body  areas.  Except  for  the  surface  lesions, 
the  radiation  is  unable  to  penetrate  to  diseased  organs. 
This  fact  is  understood  and  discussed  by  many  physi¬ 
cians,  but  no  proven  explanation  of  the  MMW  therapy 
has  been  given  yet. 

Many  clinical  studies  do  not  conform  to  conven¬ 
tional  quality  criteria  (double-blind  protocol,  placebo 
treatment,  adequate  statistics,  etc.).  However,  still  oth¬ 
ers  do  conform  and  a  lot  of  matching  results  have  been 
provided  by  independent  groups  of  investigators.  Some 
clinical  data  on  the  MMW  efficacy  are  quite  impres¬ 
sive,  and  a  few  examples  are  given  below  (see  a  spe¬ 
cialized  review  by  Rojavin  and  Ziskin  [1998]  for  addi¬ 
tional  detail). 

Examples  of  MMW  therapy.  Korpan  and  Saradeth 
[1995]  performed  a  double-blind  controlled  trial  of 
MMW  therapy  for  postoperative  septic  wounds.  The 
study  group  consisted  of  141  patients,  31-83  yr  old, 
with  purulent  wounds  after  an  abdominal  surgery.  The 
wounds  were  infected  mostly  with  S.  aureus  and  Bacte- 
roides  fragilis.  MMW  therapy  with  1  mW/cm^,  37  GHz 
CW  radiation  was  used  in  71  patients.  Wound  surface 
and  adjacent  soft  tissue  were  exposed  for  30  min/day 
for  7  days.  The  remaining  70  patients  received  placebo 
therapy  from  a  similar  but  defective  MMW  generator 
(neither  patients  nor  physicians  knew  it  was  defective). 
Radical  surgical  cleaning  of  the  wounds  was  performed 
regularly  in  both  groups.  The  MMW-treated  patients 
showed  1.8  times  more  rapid  wound  clearance  (5.6  ± 
0.6  vs.  10.2  ±  0.5  days  in  control  subjects),  1.7  times 
earlier  onset  of  wound  granulation  (4.9  ±  0.2  vs.  8.7 
±  0.4  days),  and  1.8  times  earlier  onset  of  epitheliza- 
tion  (7.0  ±  0.4  vs.  12.8  ±  0.6  days).  The  average  daily 
decrease  of  wound  surface  area  in  the  treated  patients 
was  twice  that  of  the  control  subjects  (7.1%  vs.  3.2%). 
The  authors  concluded  that  low  intensity  MMW  seems 
to  be  an  effective  postoperative  wound  treatment. 

Poslavsky  et  al.  [1989]  used  MMW  as  a  monoth¬ 


erapy  in  317  patients  with'diibdenat  and  gastric  ulcers. 
The  ulcer  diameter  ranged  from  0.3  to  3.5  cm,  and 
the  disease  duration  was  from  several  months  to  more 
than  10  years.  The  epigastric  area  was  exposed  at 
10  mW/cm^,  5.6-mm  wavelength  for  30  min  daily, 
excluding  weekends,  until  complete  ulcer  cicatrization. 
A  comparable  control  group  of  50  patients  received 
conventional  drug  therapy.  The  ulcers  cicatrized  in 
95.3%  of  MMW-treated  patients,  with  mean  healing 
duration  of  19.8  ±  0.45  days.  The  respective  control 
group  values  were  substantially  worse,  namely  78% 
and  33.6  ±1.12  days.  The  ulcer  relapse  rate  was  sig¬ 
nificantly  lower  after  the  MMW  therapy. 

Megdiatov  et  al.  [1995]  evaluated  the  efficacy  of 
MMW  therapy  (42.2  GHz,  10  mW/cm^)  in  52  patients 
with  neuralgia.  The  radiation  was  applied  to  areas 
where  branches  of  the  affected  trigeminal  nerve  ap¬ 
proach  the  skin  (10  exposures  or  sham  exposures, 
15  min  each,  concurrently  with  medicinal  therapy). 
Evident  clinical  improvement  (decrease  of  the  inci¬ 
dence  and  severity  of  pain  attacks)  was  thieved  in  19 
of  27  patients  treated  with  MMW,  and  only  in  4  of  25 
patients  receiving  placebo  exposures. 

Liusov  et  al.  [1995]  studied  MMW  therapy  ef¬ 
fects  in  100  patients  with  unstable  angina  pectoris  (this 
is  an  intermediate  condition  between  stable  angina  pec¬ 
toris  and  infarction,  and  is  characterized  by  a  high  risk 
of  myocardial  necrosis).  The  patients  were  divided  into 
four  groups.  Group  1  was  treated  by  MMW  only  (10 
exposures  of  the  right  shoulder  joint  for  30  min/day, 
7.1  mm);  these  patients  ceased  taking  any  vasodilators 
and  antianginal  medicines.  In  group  2,  the  same  MMW 
therapy  was  combined  with  dmgs  (beta-adrenergic  an¬ 
tagonists,  calcium  blockers,  organic  nitrates,  etc.). 
Group  3  received  the  same  drug  therapy  and  placebo 
exposures,  and  group  4  received  the  drug  therapy  only. 
The  therapy  in  groups  1  and  2  substantially  decreased 
the  rate  and  severity  of  angina  attacks,  making  it  possi¬ 
ble  to  reduce  the  amount  of  nitroglycerin  taken.  It  also 
decreased  blood  levels  of  malonic  dialdehyde  and  die- 
nic  conjugates,  normalized  T-helper  and  T-suppresser 
ratios,  reduced  the  diameter  of  venules,  and  increased 
the  diameter  of  arterioles.  No  significant  improvement 
of  the  lipid  peroxidation  system,  immune  status,  or 
microcirculation  was  achieved  in  groups  3  and  4. 

Karlov  and  coauthors  [1991]  used  MMW  in  a 
combined  therapy  for  cerebral  circulatory  disorders. 
The  79  patients  in  the  study  were  mostly  50-80  yr  old 
and  suffered  from  hypertensive  disease  and/or  athero¬ 
sclerosis;  61  patients  were  hospitalized  for  acute  isch¬ 
emic  cerebral  infarction,  13  for  a  transient  disorder  of 
the  cerebral  circulation,  and  5  for  circulatory  encepha¬ 
lopathy.  Patients  were  divided  into  two  comparable 
groups.  Both  groups  received  the  same  drug  therapy 
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(hypotensive,  anticoagulant,  cardiotonic,  and  other 
remedies),  whereas  the  first  one  was  also  treated  with 
MMW  (10  days,  30  min/day,  4.9-mm  wavelength). 
Patients  of  the  second  group  were  sham-exposed  under 
a  double-blind  protocol.  A  favorable  therapeutic  effect 
was  reported  in  70%  of  the  patients  in  group  1  and  in 
40%  in  group  2.  MMW  procedures  helped  decrease 
blood  pressure,  normalize  the  blood  glucose  level,  and 
eliminate  serum  fibrinogen  B. 

The  efficacy  of  the  MMW  therapy  is  often  illus¬ 
trated  by  individual  clinical  cases.  Naumcheva  [1994] 
described  the  history  of  a  54-yr-old  male  patient,  who 
had  two  myocardial  infarctions  within  a  2-yr  interval. 
He  experienced  severe  attacks  of  angina  both  on  exer¬ 
tion  and  at  rest  and  took  up  to  80  nitroglycerin  tablets 
a  day  (0.4  mg).  Repeated  courses  of  in-  and  outpatient 
treatment  with  beta-adrenoblockers,  nitrates,  plasma¬ 
pheresis,  etc.  had  little  effect.  Finally,  he  was  hospital¬ 
ized  in  a  grave  condition  with  a  third  infarction.  Con¬ 
ventional  methods  were  ineffective,  so  MMW  therapy 
was  ordered  on  day  10  after  admission  (7.1-mm  wave¬ 
length,  for  30  min/day  to  the  left  border  of  sternum). 
Cardialgia  decreased  after  two  exposures  and  nighttime 
pain  attacks  ceased  after  seven  procedures.  The  nitro¬ 
glycerin  intake  was  decreased  to  1  —2  tablets/day  after 
12  exposures.  After  the  MMW  course,  the  patient  did 
not  have  angina  attacks  for  3—4  days,  was  able  to  walk 
up  to  5  km  a  day,  and  was  discharged  in  a  satisfactory 
condition.  Another  man,  age  62,  was  admitted  to  hospi¬ 
tal  with  a  severe  macrofocal  infarction,  collapse,  extra- 
systolia,  and  acute  insufficiency  and  aneurysm  of  the 
left  ventricle.  Three  days  of  intensive  treatment  still 
left  the  patient  in  this  critical  condition.  Even  the  first 
MMW  irradiation  of  sternum  (5.6-mm  wavelength, 
three  10-min  exposures  with  5-min  intervals)  had  a 
striking  effect:  it  arrested  angina  attacks  and  nonnal- 
ized  sleep,  and  indices  of  hemodynamics  stabilized 
within  5  days  of  the  MMW  therapy.  The  patient  was 
discharged  in  a  satisfactory  condition  and  later  under- 
went  two  additional  MMW  courses  as  a  preventive 
measure. 

Side  effects  of  MMW  therapy.  As  a  rule,  MMW  ther¬ 
apy  is  well  tolerated  by  patients,  and  this  is  regarded 
as  one  of  its  advantages  over  a  drug  therapy.  Although 
most  investigators  reported  no  negative  reactions  to 
MMW,  others  observed  them  in  up  to  26%  of  patients 
[Golovacheva,  1995].  The  possibility  of  induction  of 
adverse  health  effects  by  a  local,  low-intensity  MMW 
irradiation  is  of  potential  significance  for  setting  health 
and  safety  standards  and  requires  special  attention. 

Kuz’menko  [1989]  sununarized  experience  with 
MMW  use  in  200  patients  with  cerebrovascular  dis¬ 
eases,  such  as  cerebral  circulation  insufficiency,  discir- 


culatory  encephalopathy, 'arid  cerebral  insult  conse¬ 
quences.  Irradiation  of  the  sinocarotid  zone  at  various 
frequencies  between  58  and  62  GHz,  0.3—1  mW/cm  , 
was  performed  for  20  min/day  or  less,  for  4  to  10 
days.  MMW  therapy  facilitated  recovery  in  56-77% 
of  patients  with  different  pathologies.  However,  it  also 
caused  adverse  side  effects,  including  elevation  of  the 
blood  pressure  (nine  cases),  induction  of  a  diencephalic 
crisis  or  paroxysm  during  irradiation  (seven  cases),  an¬ 
gina  attacks  (three  cases),  fever  (five  cases),  and  en¬ 
hancement  of  menstrual  bleeding  (six  cases).  In  hyper¬ 
tension  patients,  MMW  usually  decreased  blood  pres¬ 
sure  by  10-15  mm  Hg,  but  occasionally  increased  it 
by  20-30  mm  Hg.  The  author  concluded  that  MMW 
can  be  successfully  used  in  cerebrovascular  therapy, 
but  possible  complications  must  be  taken  into  account. 

Afanas’eva  and  Golovacheva  [1997]  used  MMW 
therapy  in  124  patients  with  stage  n  essential  hyperten¬ 
sion  (5.6-  or  7.1-mm  wavelength,  CW,  10  mW/cm^,  10 
procedures  for  30  min  each).  Unfavorable  autonomous 
nervous  system  reactions  (whole-tfody  shivering, 
sweating,  heart  pains  along  wdth  skin  paling  or  redden¬ 
ing)  were  observed  in  18  patients  (15.5%).  In  two 
cases,  these  reactions  developed  into  hypertensive  cri¬ 
ses,  which  had  to  be  arrested  by  drug  injections.  In  33 
patients  (26.6%),  MMW-induced  fluctuations  of  the 
arterial  blood  pressure  and  enhanced  headaches.  A  tem¬ 
porary  improvement  after  four  to  five  exposures  was 
followed  by  an  increase  in  both  systolic  (by  25  ± 
7.0  mm  Hg)  and  diastolic  (by  10.0  ±  2.0  mm  Hg) 
blood  pressure,  which  required  medicinal  correction. 
General  adverse  reactions  after  the  entire  MMW  course 
(six  patients;  4.8%)  included  sleeplessness  or  sleep 
with  distressful  dreams,  weakness,  emotional  instabil¬ 
ity,  and  irritability.  These  manifestations  were  not  pro¬ 
found  and  disappeared  without  further  treatment.  The 
authors  emphasized  that  these  adverse  reactions  were 
not  encountered  in  patients  who  received  placebo  expo¬ 
sures. 

Gun’ko  and  Kozshina  [1993]  tried  MMW  therapy 
in  528  patients  with  various  diseases  (ulcerative  dis¬ 
ease,  ischemic  heart  disease,  essential  hypertension, 
bronchitis,  pneumonia,  and  others).  Exposures  at  5.6- 
or  7.1-mm  wavelength  lasted  from  15  to  60  min/day, 
from  5  to  18  days.  Three  patients  being  treated  for 
rheumatic  polyarthritis,  psoriasis,  and  duodenal  ulcer 
(without  any  concurrent  drug  therapy)  developed  urti¬ 
caria  (hives)  on  the  fifth  to  seventh  day  of  exposures. 
An  itchy  rash  appeared  first  in  the  abdominal  and  tho¬ 
racic  areas,  and  soon  spread  everywhere.  Nevertheless, 
the  treatment  of  the  main  disease  in  all  these  cases  was 
successful.  The  rash  disappeared  2-10  days  after  the 
completion  of  the  MMW  therapy  but  reappeared  during 
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the  repeated  MMW  courses.  The  authors  called  for 
more  studies  of  MMW  effects  on  the  immune  system. 

DISCUSSION 

In  this  review,  we  have  found  that  recent  research 
in  the  MMW  area  covers  a  variety  of  subjects.  Pro¬ 
found  MMW  effects  were  established  at  all  biological 
levels,  from  cell-free  systems  through  cells,  organs, 
and  tissues,  to  animal  and  human  organisms.  Although 
trying  to  avoid  a  general  discussion  of  thermal  versus 
nonthermal  mechanisms  in  this  review,  we  nonetheless 
must  note  that  many  of  the  reported  effects  were  princi¬ 
pally  different  from  those  caused  by  heating,  and  their 
dose  and  frequency  dependencies  often  suggested  non¬ 
thermal  mechanisms.  Regardless  of  the  primary  mecha¬ 
nism,  the  possibility  of  significant  bioeffects  of  a  short¬ 
term  MMW  irradiation  at  intensities  at  or  below  current 
safety  standards  deserves  consideration  and  further 
study. 

The  major  question  about  FSU  publications  in  the 
MMW  area  is  their  reliability.  A  number  of  studies 
cited  here  were  performed  at  the  highest  scientific 
level.  Other  studies,  perhaps  the  majority  of  those  cited, 
were  flawed,  but  may  still  bear  valuable  information 
and  should  not  be  discarded  without  proper  analysis. 
For  example,  free-field  dosimetry  in  the  MMW  band 
is  a  serious  technical  problem.  To  our  knowledge,  no 
commercially  available  probes  are  rated  for  near-field 
measurements  in  the  MMW  band  even  in  the  U.S. 
Therefore,  it  is  not  surprising  that  many  investigators, 
particularly  clinicians,  have  had  to  rely  on  manufac¬ 
turer-specified  field  intensities,  such  as  10  mW/cm^  for 
“Yav’-l”  therapeutic  generator.  One  may  doubt  that 
the  field  actually  was  5,  10,  or  15  mW/cm^,  but  under 
no  circumstances  could  it  exceed  a  spatial  average  of, 
say,  50  mW/cm^,  which  is  beyond  the  generator’s  capa¬ 
bilities.  Thus,  whereas  the  precise  exposure  parameters 
may  not  be  known,  a  range  of  possible  exposure  inten¬ 
sities  may  be  estimated.  With  an  understanding  of  this 
fact,  the  experimental  data  may  still  be  important  and 
usable. 

Another  widespread  shortcoming  of  clinical  stud¬ 
ies  occurs  when  MMW  therapy  is  compared  with  drug 
therapy,  without  using  a  sham-exposed  control  group. 
MMW  therapy  W2is  often  reported  to  be  more  effective 
than  drugs.  This  result  could  be  a  placebo  effect;  but 
if  so,  one  would  have  to  conclude  that  placebo  was 
more  effective  than  modem  drag  therapy.  This  possi¬ 
bility  could  certainly  be  true  for  certain  patients  and 
certain  disorders,  but  does  not  seem  feasible  for  large 
populations  and  a  wide  scale  of  diseases. 

A  further  source  of  skepticism  about  findings 
made  by  FSU  scientists  is  that  they  have  not  been 
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replicated  in  the  West.  Replication  is  much  needed 
indeed,  but  it  can  hardly  be  anticipated  without  ade¬ 
quate  attempts.  To  our  knowledge,  only  three  labora¬ 
tories  throughout  the  U.S.  (less  than  10  scientists  total) 
are  currently  doing  any  research  on  MMW  bioeffects, 
which  is  by  no  means  sufficient  to  match  the  amount 
and  variety  of  the  FSU  research.  Besides,  many  cited 
studies  are  very  recent  (1995-1997),  so  replication  has 
yet  to  be  expected. 

With  all  the  diversity  of  the  MMW  research  and 
differences  in  studied  subjects  and  end  points,  some 
particulars  seem  to  be  common  for  various  situations 
and  MMW  effects.  Considering  these  particulars  may 
be  critical  for  replication  studies: 

(1)  Individuals  or  groups  in  a  population,  which 
would  usually  be  regarded  as  uniform,  may  react  to 
MMW  in  rather  different  or  even  opposite  ways.  For 
example,  Temur’iants  et  al.  [1993,  1994]  divided  the 
vivarium  population  of  rats  by  their  open-field  activity 
before  performing  exposures.  Not  only-  the  animal’s 
reactions  to  MMW,  but  also  their  reactions  to  immobi¬ 
lization  stress,  were  very  different  in  animals  with  low, 
medium,  and  high  activity  levels.  Pooling  all  the  data 
together,  as  well  as  neglecting  the  intrinsic  differences 
in  the  population,  would  have  inevitably  masked 
MMW  effects.  . 

(2)  There  seem  to  exist  unknown  and  uncon¬ 
trolled  factors  that  determine  the  MMW  sensitivity  of 
a  specimen  or  a  population.  Irradiation  could  increase 
antibiotic  resistivity  in  one  experiment  and  decrease  it 
in  the  next  one  [Bulgakova  et  al.,  1996].  It  increased 
the  beating  rate  in  one  isolated  heart  and  decreased  it 
in  the  other  [Chemyakov  et  al.,  1989].  MMW  therapy 
usually  decreased  blood  pressure,  but  eventually  in¬ 
creased  it  greatly  [Kuz’menko,  1989].  As  long  as  these 
changes  exceeded  the  “noise”  level  and  were  not  pro¬ 
duced  by  a  sham  exposure,  they  can  be  regarded  as 
MMW  effects.  Again,  pooling  all  data  together,  regard¬ 
less  of  the  direction  of  changes,  could  easily  mask  an 
MMW  effect. 

(3)  Even  robust  MMW  effects  may  be  well  repro¬ 
ducible  for  a  limited  time  and  then  disappear.  The  ef¬ 
fects  of  complete  suppression  or  200-400%  enhance¬ 
ment  of  chloride  transmembrane  current  in  alga  cells 
were  far  beyond  any  spontaneous  variations  and  could 
hardly  be  confused  with  any  artifact  [Kataev  et  al., 
1993].  However,  both  effects  weakened  and  disap¬ 
peared  by  the  end  of  winter  without  any  apparent  rea¬ 
son.  MMW  effects  on  isolated  ftog  nerve  also  disap¬ 
peared  in  spring  [Burachas  and  Mascohunas,  1989], 
suggesting  that  MMW  sensitivity  may  be  somehow 
related  to  the  base  level  of  metabolism. 

4.  MMW  effects  could  often  be  revealed  only  in 
subjects  that  are  experiencing  some  deviation  from  the 
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“normal”  state.  MMW  caused  little  or  no  reactions  in 
intact  animals,  but  significantly  alleviated  effects  of  im¬ 
mobilization,  ionizing  radiation,  etc.  Many  clinical  studies 
claim  that  MMW  therapy  is  effective  only  when  one  or 
another  kind  of  pathology  is  present,  whereas  in  a  healthy 
organism  MMW  will  not  produce  any  reactions.  How¬ 
ever,  this  thesis  has  not  been  adequately  proven. 

5.  Increased  sensitivity  and  even  hypersensitivity  of 
individual  specimens  to  MMW  may  be  real.  Depending 
on  the  exposure  characteristics,  especially  wavelength,  a 
low-intensity  MMW  radiation  was  perceived  by  30  to 
80%  of  healthy  examinees  [Lebedev2i,  1993, 1995].  Some 
clinical  studies  reported  MMW  hypersensitivity,  which 
was  or  was  not  limited  to  a  certain  wavelength  [Golova¬ 
cheva,  1995].  In  a  study  by  Afanas’eva  and  Golovacheva 
[1997],  adverse  health  reactions  to  MMW  appeared  only 
in  women  (100%)  who  had  a  labile  course  of  angina 
pectoris  (100%),  most  of  whom  were  in  the  menopausal 
period  (66.7%).  The  authors  suggested  that  this  category 
of  people  is  particularly  sensitive  to  MMW. 

It  is  important  to  note  that,  even  with  the  variety 
of  bioeffects  reported,  no  studies  have  provided  evidence 
that  a  low-intensity  MMW  radiation  represents  a  health 
hazard  for  human  beings.  Actually,  none  of  the  reviewed 
studies  with  low-intensity  MMW  even  pursued  the  evalu¬ 
ation  of  health  risks,  although  in  view  of  numerous  bioef¬ 
fects  and  growing  usage  of  MMW  technologies  this  re¬ 
search  objective  seems  very  reasonable.  Such  MMW  ef¬ 
fects  as  alterations  of  cell  growth  rate  and  UV  light 
sensitivity,  biochemical  and  antibiotic  resistivity  changes 
in  pathogenic  bacteria,  as  well  as  many  others,  are  of 
potential  significance  for  safety  standards.  MMW  therapy 
in  many  cases  uses  field  intensities  comparable  to  or 
lower  than  those  allowed  by  current  safety  standards,  but 
even  local  and  short-term  exposures  were  reported  to 
produce  maiked  effects.  It  should  also  be  realized  that 
biological  effects  of  a  prolonged  or  chronic  MMW  expo¬ 
sure  of  the  whole  body  or  a  large  body  area  have  never 
been  investigated.  Safety  limits  for  these  types  of  expo¬ 
sure  are  bas^  solely  on  predictions  of  energy  deposition 
and  MMW  healing,  but  in  view  of  recent  studies  this 
approach  is  not  necessarily  adequate. 

The  significance  of  MMW  bioeffects  for  human 
health,  considering  both  safety  limitations  and  possible 
clinical  ^plications,  should  be  neither  over-  nor  underes¬ 
timated.  It  is,  however,  an  intriguing  and  potentially  im¬ 
portant  area  that  needs  to  be  further  explored.  If  this 
present  review  draws  attention  to  the  MMW  research 
and  stimulates  new  studies,  we  will  consider  its  goal 
accomplished. 
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Abstract 


IR-THERMOGRAPHY  IN  STUDIES  OF  MM-WAVE  BIOEFFECTS 

Eugene  P.  Khizhnyak  and  Marvin  C.  Ziskin 
Richard  J.  Fox  Center  for  Biomedical  Physics 
Temple  University  Medical  School 
Philadelphia,  PA  19140 

One  of  the  main  effects  resulting  from  mm-waves  and  infrared  (IR)  radiation 
is  heating  due  to  absorption  of  radiant  energy  in  biological  structures. 
IR-thermography  is  ideal  for  measuring  the  rate  of  heating  caused  by  6-6000  GHz 
irradiation  in  biological  tissue  and  phantoms,  because  the  penetration  depth  of  the 
3-5  pm  IR-radiation  used  in  thermography  is  close  to  the  penetration  depths  of 
mm-waves  and  300-6000  GHz  IR.  At  the  same  time,  the  difference  in  frequency  is 
too  great  to  produce  interference  between  these  two  types  of  radiation.  Remote 
temperature  sensing,  based  on  measurement  of  the  IR  emitted  by  an  object 
eliminates  artifacts  that  occur  when  thermo  or  field  sensors  are  used. 

Distribution  of  mm-wave  energy  absorption  in  biological  tissue  models  and  in 
mice  and  human  skin  was  studied  using  IR-thermography.  0.1 -0.2  mm  thin-layer 
phantoms  were  used  for  characterizing  the  irradiation  patterns  produced  by  different 
types  of  horn  antennas  in  the  near  field  area  in  the  37-78  GHz  frequency  range. 
It  was  found  that  a  nonuniform  heating  pattern  can  be  caused  due  to  geometric 
resonance  and  electrodynamic  and  thermodynamic  skin  heterogeneity.  Depending 
on  the  frequency  and  coupling  conditions,  local  SAR  values  In  hot-spots  can  exceed 
the  spatially  averaged  values  by  over  10  times.  These  results  provide  an 
explanation  for  a  number  of  frequency-dependent  effects  of  mm-waves.  Due  to  high 
temperature  gradients  resulting  from  nonuniform  field  distributions  and  very  localized 
absorption,  mm-waves  can  produce  thermal  effects  at  an  average  incident  power 
density  which  is  much  lower  than  centimeter  and  decimeter  waves.  Sweat  pore 
activity  which  plays  an  Important  role  in  temperature  and  metabolic  regulation  was 
visualized  using  the  IR-thermography  method.  Concentration  of  mm-wave 
absorption  in  sweat  pores  was  observed  together  with  changes  in  their  opening  and 
closing  dynamics. 

Many  of  our  methods  could  also  be  used  for  studying  biological  effects  of  IR- 
radiation  in  the  300-6000  GHz  frequency  range.  The  available  data  shows  that  in 
the  300-6000  GHz  frequency  range  the  problem  related  to  near  field  irradiation  will 
diminish  with  Increase  of  frequency.  However,  the  problem  of  field  concentration 
due  to  heterogeneity  of  biological  structures  remains  very  important  and  may 
become  even  more  so  when  compared  with  mm-wavelengths. 
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INTRODUCTION 

The  development  of  hardware  systems  capable  of  generating  radioffequency  radiation  (RFR) 
of  millimeter  wave  (MMW)  length,  as  well  as  the  increased  use  of  MMWs  for  military  and  civilian 
purposes,  has  recently  spawned  considerable  interest  in  the  possible  bioeffects  of  animal  exposure  to 
these  waves.  Theoretical  calculations  suggest  that  MMW  energy  absorption  in  animals  will  occur  in 
the  skin;  for  example,  the  depth  of  penetration  of  30-GHz  RFR  has  been  calculated  to  be  0.78  mm 
(Erwin  and  Hurt,  198 1;  Gandhi  and  Riazi,  1986),  which  is  certainly  within  the  limits  of  the  cutaneous 
region.  Over  the  past  several  years,  we  have  characterized  an  animal  model  of  circulatory  failure 
induced  by  sustained,  whole-body  exposure  to  35-GHz  radiofrequency  radiation.  This  paper 
summarizes  results  from  this  series  of  ongoing  studies. 

CARDIOVASCULAR  RESPONSES  TO  35-GHz  RFR 

In  our  model,  ketamine-anesthetized  rats  are  exposed  in  E  orientation  (left  lateral  exposure, 
long  axis  of  body  parallel  to  electric  field  and  perpendicular  to  magnetic  field)  to  35-GHz  RFR  at  an 
incident  power  density  of  75  mWW.  This  power  density  results  in  a  whole-body  specific  absorption 
rate  (SAR)  of  13.0  W/kg  (Frei  et  al,  1995).  During  irradiation,  mean  arterial  blood  pressure  (MAP), 
mesenteric  blood  flow,  heart  rate  (HR)  and  respiratory  rate  are  continuously  monitored,  along  with 
temperatures  at  five  anatomical  sites. 

At  the  onset  of  irradiation,  the  subcutaneous  temperature  of  the  left  abdomen  (i.e.,  the 
irradiated  site;  Tsi)  begins  to  increase  and  continues  to  increase  steadily  throughout  the  period  of 
MMW  exposure  (Figure  1;  from  Frei  ct  al.,  1995).  When  irradiation  is  continued  until  death,  the 
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%  Time 


Figure  1.  Thermal  responses  to  exposure  to  35-GHz  RFR  in  ketamine-anesthetized 
rats  (n=13).  Exposure  time  is  represented  as  a  percentage  of  total  time  to  account 
for  differences  in  duration  of  individual  experiments.  left  subcutaneous; 
right  subcutaneous,  T^,  right  tympanic;  T^,  colonic;  T^,  tail.  From  Frei  et  al,  1995, 
used  with  permission. 
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lethal  Tsi  attained  is  48.0±0.4°C.  Increases  in  colonic  (Tc),  right  subcutaneous  (i.e.,  non-irradiated 
side),  and  right  tympanic  temperatures  temporally  lag  behind  the  increase  in  Tsi,  suggesting  that 

energy  absorption  occurs  very  superficially  and  that  heating  of  the  body  core  is  achieved  through 
circulatory  heat  transfer  fi'om  the  peripheral  site  of  irradiation.  It  should  be  noted  that,  when 
irradiation  is  continued  until  death,  the  maximum  Tc  attained  is  40.3°C.  The  period  of  MMW 
irradiation  required  to  elicit  death  in  this  study  ranged  from  32-69  min,  with  an  average  of  50  ±  1  min. 

Figure  2  depicts  the  cardiovascular  response  to  MMW  exposure  (Frei  et  al,  1995).  Because 
of  the  extremely  rapid  and  linear  rate  of  rise  of  Tsi  during  MMW  exposure,  cardiovascular  data  are 
graphed  against  this  variable  in  Figure  2.  During  the  early  phase  of  irradiation,  MAP  initially 
increased  slightly.  MAP  subsequently  began  to  decline,  however,  when  Tsi  and  Tc  increased  to 
>42.0®C  and  >37.5°C,  respectively.  From  this  point,  MAP  continued  to  decline  until  death.  In 
contrast,  HR  increased  continuously  throughout  the  period  of  MMW  exposure. 

During  the  initial  period  of  irradiation,  mesenteric  blood  flow  did  not  change  while 
mesenteric  vascular  resistance  (MAP/mesenteric  blood  flow)  tended  to  increase.  Mesenteric  vascular 
resistance  peaked  at  Tsi  40.5°C  and  subsequently  began  to  decline  thereafter,  reaching  statistical 

significance  at  Tsi>45.0°C.  Concomitantly,  mesenteric  blood  flow  tended  to  increase,  although  not 
significantly  (p<0.06). 

Thus,  sustained  exposure  to  35-GHz  RFR  results  in  large  and  rapid  increases  in  skin 
temperature  but  only  moderate  increases  in  core  temperature.  This  thermal  distribution  is  sufficient, 
though,  to  produce  a  progressive  decrease  in  blood  pressure  (i.e.,  hypotension)  and  circulatory  shock 


246 


5 


Figure  2.  Cardiovascular  responses  to  exposure  to  3  5 -GHz  RFR  in  ketamine- 
anesthetized  rats  (n=13).  Mean  arterial  pressure  (MAP),  heart  rate  (HR),  and 
left  subcutaneous  temperature  (Tsl)  are  absolute  values,  while  mesenteric 
blood  flow  (MBF)  and  mesenteric  vascular  resistance  (MVR)  are  presented 
as  percent  change  from  initial  values.  *Significantly  (p<0.05)  different  from 
initial  value.  From  Frei  et  al.,  1995,  used  with  permission. 
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in  ketamine-anesthetized  rats.  Parenthetically,  MMW  exposure  also  produces  identical  cardiovascular 
reactions  in  rats  anesthetized  with  sodium  pentobarbital  (Ryan  et  al.,  1997a)  or  urethane  (unpublished 
observations),  indicating  that  the  hypotensive  response  occurs  irrespective  of  anesthetic  choice.  This 
hypotension  is  accompanied  by  vasodilation  in  the  mesenteric  vascular  bed,  suggesting  that  visceral 
pooling  of  blood  and  subsequent  loss  of  functional  blood  volume  may  contribute  to  the  hypotension. 
It  should  also  be  noted  that  exposure  to  94-GHz  RFR  at  identical  power  densities  and  SARs 
produces  similar  thermal  and  cardiovascular  responses  to  those  elicited  by  35-GHz  (Ryan  et  al., 
1995). 

MMW-INDUCED  HYPERTHERMIA  VS.  ENVIRONMENTAL  HEAT  STRESS 

The  cardiovascular  responses  to  MMW  exposure  as  outlined  above  bear  certain  resemblances 
to  cardiovascular  responses  produced  by  exposure  to  environmental  heat  stress.  If  prolonged, 
environmental  heating  may  produce  heat  stroke,  a  condition  characterized  by  hypotension  which,  in 
extreme  cases,  may  be  fatal  (Malamud  etal,  1946).  Kregel  etal  (1988)  demonstrated  that  sustained 
environmental  heating  of  either  conscious  or  anesthetized  rats  produces  hypotension,  which  is 
preceded  by  a  large  and  significant  vasodilation  of  the  mesenteric  vascular  bed.  As  we  have  seen, 
sustained  exposure  to  high  levels  of  MMW  also  results  in  a  hypotensive  state  that  is  accompanied  by 
mesenteric  vasodilation.  Additionally,  both  MMW  exposure  and  environmental  heating  produce  large 
and  progressive  increases  in  heart  rate  (Frei  et  al.,  1995;  Kregel  et  al.,  1988). 

There  are,  however,  some  important  differences  between  this  model  of  MMW-induced 
heating  and  environmental  heating.  First,  MMW-induced  hypotension  occurs  at  a  high  cutaneous 
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temperature  but  at  a  relatively  low  Tp.  Indeed,  the  onset  of  hypotension  in  animals  heated  by  MMW 
exposure  occurs  at  a  To  <  40°C  (Frei  et  a/.,  1995),  while  MAP  begins  to  decrease  in  animals  exposed 
to  environmental  heating  only  when  Tc  rises  above  41.5®C  (Kregel  et  al,  1988).  Second,  the  time 
course  of  MMW  exposure  (at  the  power  level  used)  required  for  the  onset  of  hypotension  is  shorter 
than  that  for  hypotension  induced  by  environmental  heating.  Despite  these  differences,  the 
occurrence  of  mesenteric  vasodilation  and  hypotension  in  both  of  these  models  of  heating  suggests 
that  the  physiological  mechanism(s)  underlying  the  development  of  hypotension  in  both  models  may 
be  similar.  Potential  physiological  mediators  in  both  models  of  severe  hyperthermia  will  be  discussed 
in  a  subsequent  section  of  this  paper. 

IS  CIRCULATORY  COLLAPSE  IN  MMW-EXPOSED  ANIMALS  A  CONSEQUENCE  OF 
BURN? 

Because  of  the  large  increases  in  temperature  at  the  irradiated  site,  a  natural  question  is 
whether  this  level  of  MMW  exposure  produces  burning  of  the  skin  and  whether  cardiovascular  events 
are  a  result  of  this  bum.  Three  lines  of  evidence  argue  against  this  supposition.  First,  cardiovascular 
responses  to  MMW  exposure  differ  significantly  firom  those  associated  with  established  experimental 
models  of  bum  (Lund  and  Reed,  1986;  Speakman  and  Chapman,  1989).  For  example,  fiiU-thickness 
(third  degree)  thermal  injury  of  up  to  60%  of  the  body  surface  area  in  rats  (scalding  using  the 
Walker/Mason  model)  produces  decreases  in  heart  rate  (Lund  and  Reed,  1986;  Speakman  and 
Chapman,  1989).  This  is  in  direct  contrast  with  MMW  exposure,  in  which  HR  progressively 
increases  throughout  irradiation.  Furthermore,  the  MAP  of  rats  with  even  the  most  extreme  thermal 
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injury  falls  only  moderately  (to  70-80  mmHg)  following  bum  injury  and  demonstrates  some  recovery 
to  control  levels  (Lund  and  Reed,  1986;  Speakman  and  Chapman,  1989).  These  animals  survive 
>180  minutes  post-bum.  MMW  exposure,  however,  produces  a  progressive  decrease  in  MAP  which 
eventuates  in  death  well  before  this  time. 

The  second  piece  of  evidence  that  argues  against  the  production  of  bum  concerns  temperature 
at  the  surface  of  the  skin.  Using  infrared  thermography,  we  have  determined  that  Tsi  (i.e.,  the 
temperature  in  the  subcutaneous  level  under  the  irradiated  skin)  corresponds  to  the  actual  temperature 
on  the  surface  of  the  skin  (Ryan  et  al.,  1996b).  Tsi  is  thus  a  vaUd  measure  of  the  maximal  surface 
temperatures  attained  during  MMW  exposure.  As  indicated  before,  the  maximal  Tgi  at  death  reaches 
48.0°C.  In  order  to  cause  a  third-degree  bum,  this  temperature  would  have  to  be  applied  to  the  skin 
for  at  least  14  minutes;  production  of  a  first-degree  bum  (hyperemia  without  loss  of  epidermis)  would 
require  at  least  10  minutes  (Moritz  and  Henriques,  1947).  Obviously,  this  scenario  does  not  occur 
during  our  paradigm  of  MMW  exposure. 

Finally,  we  have  characterized  histopathological  alterations  in  the  skin  during  MMW  exposure 
(Ryan  et  al,  1996c).  Exposure  to  MMWs  at  the  power  density  used  previously  (75  mW/cm^) 
produces  hemorrhage  and  congestion  in  the  dermal  layer  of  the  skin  indicative  of  hyperemia. 
Additionally,  some  vacuolation  of  the  epidermis  was  noted.  Importantly,  however,  this  level  of 
MMW  exposure  failed  to  produce  full-thickness  necrosis;  the  pathological  damage  that  was  noted 
is  characterized  as  minor  thermal  injury,  akin  to  that  seen  in  sunburn.  Furthermore,  there  were  no 

pathological  alterations  produced  in  any  other  organ. 

In  short,  MMW  exposure  sufiicient  to  produce  circulatory  failure  and  death  does  so  with  only 
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minor  pathology  and  without  evidence  of  traditional  bum  injury.  It  is  interesting  to  note  that 
estimation  (from  infrared  thermography)  of  the  total  body  surface  area  irradiated  during  MMW 
exposure  yields  a  value  of  10-15%,  which  is  much  less  than  that  of  survivable  full-thickness  bums  in 
traditional  animal  models  of  bum. 

IRREVERSIBILITY  OF  CIRCULATORY  SHOCK  INDUCTION 

We  have  also  performed  experiments  to  determine  whether  MMW  exposure  induces  an 
irreversible  cascade  of  events  leading  to  circulatory  shock  induction.  In  other  words,  is  there  a  “point 
of  no  return”  beyond  which  cessation  of  MMW  exposure  still  leads  to  circulatory  collapse  and  death? 
In  this  series  of  experiments,  ketamine-anesthetized  rats  (n=6/group)  were  exposed  to  MMW  as 
before  until  one  of  a  series  of  MAP  endpoints  was  reached.  Different  groups  of  rats  were  exposed 
to  MMW  until  MAP  had  decreased  to:  1)  the  control  (pre-MMW)  level;  2)  90  mmHg;  3)  80  mmHg; 
or,  4)  70  mmHg.  MMW  exposure  times  to  reach  these  MAP  endpoints  in  these  different  groups  were 
30±2,  30±4,  38±4  and  36  ±  3  minutes,  respectively.  Animals  were  then  monitored  for  either  2 
hours  post-exposure  or  until  death,  whichever  occurred  first.  In  groups  in  which  MMW  exposure 
was  halted  when  MAP  had  decreased  to  the  control  and  90  mmHg  levels,  almost  all  animals  survived 
for  a  period  of  2  hours  (6/6  and  5/6,  respectively).  However,  in  the  group  that  was  irradiated  until 
MAP  had  declined  to  80  mmHg,  only  1  animal  of  6  survived  for  a  period  of  2  hours.  Furthermore, 
no  animal  survived  following  exposure  to  the  highest  dose  of  MMW  (i.e.,  until  MAP  =  70  mmHg); 
the  post-MMW  survival  time  in  this  group  was  15  ±  6  minutes.  These  data  clearly  demonstrate  that 
MMW  exposure  triggers  a  cascade  of  events  which,  at  some  point,  irreversibly  leads  to  death.  It  is 
of  interest  that  this  point  lies  at  what  is,  by  comparison  with  other  forms  of  circulatory  shock 
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induction,  a  fairly  high  arterial  blood  pressure  level.  For  example,  animals  hemorrhaged  to  a  much 
lower  MAP  are  able  to  return  blood  pressure  toward  normal  and  to  survive  this  maneuver  (Schadt 
andLudbrook,  1991). 


POTENTIAL  PHYSIOLOGICAL  MEDIATORS 

Determination  of  the  physiological  mechanism  mediating  the  hypotensive  response  to  MMW 
heating  is  clearly  of  paramount  importance.  As  indicated  above,  the  hypotension  and  consequent 
circulatory  faOure  does  not  appear  to  be  a  consequence  of  traditional  bum  injury.  Furthermore,  if  the 
assumption  is  made  that,  because  of  the  similarities  in  the  cardiovascular  responses  between  severe 
environmental  heating  and  MMW  exposure,  a  similar  physiological  mechanism  may  be  mediating  the 
two  hypotensive  states,  we  can  also  eliminate  a  number  of  other  potential  mechanisms.  That  is,  it  has 
been  demonstrated  that  the  mesenteric  vasodilation  and  subsequent  hypotension  occurring  in  response 
to  environmental  heat  stress  is  not  due  to  decreases  in  either  sympathetic  nerve  activity  or  circulating 
catecholamines  or  to  a  direct  effect  on  the  vascular  contractile  machinery  (Gisolfi  et  al.,  1991;  Kregel 
and  Gisolfi,  1990). 

Recently,  nitric  oxide  (NO)  levels  in  the  portal  venous  blood  of  severely  hyperthermic  rats 
have  been  shown  to  be  profoundly  increased,  suggesting  that  an  enhanced  release  of  NO  might  occur 
within  the  splanchnic  circulation  during  environmental  heat  stress  (Hall  et  al,  1994).  NO  is  a  potent 
endogenous  vasodilator  molecule.  Pathological  increases  in  NO  release  have  been  shown  to  mediate 
hypotensive  states  and  circulatory  shock  resulting  fi-om  a  variety  of  etiologies,  mcludmg  endotoxemia, 
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sepsis,  hemorrhage,  trauma  and  anaphylaxis  (Thiemermann,  1994;  Szabo  and  Thiemermann,  1994). 
It  therefore  seemed  plausible  that  NO  might  also  contribute  to  the  hypotension  induced  by  severe 
hyperthermia,  whether  produced  by  environmental  heating  or  MMW  exposure. 

We  therefore  exposed  ketamine-anesthetized  rats  to  MMW  irradiation  until  the  point  of 
circulatory  shock  induction  (arbitrarily  chosen  as  MAP  =  75  mmHg),  discontinued  irradiation,  and 
immediately  administered  a  NO  synthesis  inhibitor  (L-NAME;  Ryan  et  al.,  1996a).  Pharmacological 
blockade  of  NO  synthesis  neither  reversed  the  MMW-induced  hypotension  nor  increased  the  post- 
MMW  survival  time.  Furthermore,  chronic  (14  days)  administration  of  the  NO  synthesis  inhibitor 
prior  to  MMW  exposure  did  not  in  any  way  protect  animals  from  subsequent  MMW  exposure  (Ryan 
et  al,  1997a).  That  is,  chronic  pretreatment  vdth  L-NAME  did  not  postpone  the  onset  of 
hypotension.  Furthermore,  L-NAME  pretreatment  actually  increased  the  rate  of  heating  during 
MMW  exposure  and  therefore  decreased  the  time  of  MMW  exposure  required  to  induce  severe 
hypotension.  Taken  together,  the  results  from  both  acute  and  chronic  blockade  of  NO  synthesis 
indicate  that  increased  levels  of  NO  do  not  mediate  the  hypotensive  state  produced  by  MMW 
exposure.  It  should  be  noted  that  NO  has  also  recently  been  eliminated  as  a  mediator  in  circulatory 
failure  induced  by  environmental  heat  stress  (Sils  et  al,  1996;  Tehrany  et  al,  1997). 

Paradoxically,  it  has  been  suggested  that  circulatory  shock  of  varying  pathogenetic  origins 
may  be  the  result  of  endothelial  dysfunction  and  decreased  generation  of  NO,  which  subsequently 
results  in  profound  tissue  injury  (Kovach  and  Lefer,  1993;  Lefer  and  Lefer,  1993).  Some  of  our 
results  from  the  aforementioned  acute  and  chronic  blockades  of  NO  synthesis  (Ryan  et  al,  1996a; 
Ryan  et  al,  1997a)  suggested  that  NO  levels  might  actually  be  decreased  by  MMW  exposure. 
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Because  administration  of  NO  donors  had  provided  significant  protective  effects  during  other  forms 
of  shock  (see  Ryan  et  at,  1997b,  for  references),  we  therefore  tested  the  hypothesis  that 
administration  of  a  NO  donor  might  prove  beneficial  in  animals  exposed  to  MMW  irradiation  (Ryan 
et  al,  1997b).  Administration  of  a  NO  donor,  however,  failed  to  alter  either  the  thermal  or 
cardiovascular  response  to  MMW  exposure.  This  finding  is  of  interest  for  two  reasons.  First,  NO 
depletion  does  not  act  to  produce  the  circulatory  failure  induced  by  MMW  exposure.  Second, 
administration  of  supraphysiological  doses  of  NO  did  not  produce  any  evident  deleterious  effects, 
which  further  confirms  that  increased  levels  of  NO  do  not  contribute  to  the  MMW-induced 
hypotension. 

Recent  results  fi'om  our  laboratory  have  also  eliminated  platelet-activating  factor  and 
histamine  as  mediators  of  this  response  (Skitek  et  al.,  1996',  Ryan  et  al.,  1997c).  At  this  point, 
therefore,  it  is  clear  that  lethality  produced  by  this  model  of  MMW  heating  is  not  the  consequence 
of  bum  damage  to  the  irradiated  skin  or  the  aforementioned  endogenous  vasodilators.  We  currently 
hypothesize  that  the  circulatory  failure  may  result  fi'om  the  release  of  a  vasoactive  mediator  from  the 
irradiated  skin;  the  minor  pathological  changes  noted  are  consistent  with  this  event.  The  identity  of 
this  putative  mediator,  however,  is  currently  unknown  but  is  under  active  investigation.  Alternatively, 
it  is  possible  that  cutaneous  thermoreceptors  might  play  a  prominent  role  in  triggering  an  integrated 
response  to  MMW  exposure,  as  suggested  previously  (Frei  etal,  1995). 

SUMMARY 

MMW  exposure  under  these  experimental  conditions  produces  a  reproducible  model  of 
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circulatory  failure.  Importantly,  circulatory  failure  induced  by  this  form  of  hyperthermia  occurs  at 
only  moderate  core  temperature  levels  that  are  much  lower  than  those  observed  during  heat  stroke. 
Furthermore,  such  profound  cardiovascular  events  occur  in  the  absence  of  major  pathological 
changes,  including  those  associated  with  full-thickness  bum.  This  model  of  hyperthermia-induced 
circulatory  failure  is  therefore  unique  and  is  of  intense  interest  in  terms  of  thermoregulatory 
physiology,  as  well  as  circulatory  shock  induction. 
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Interactive  Mechanisms 
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Coupled  equation  of  motion  &  equation  of  energy 

1 .  Assumptions 
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u{Zyt)  -  displacement  deviation 
T{Zyt)  -  temperature  deviation 
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—  mass  flow  rate  of  blood/volumo 
of  tissue 

^  blood  specific  heat 


Microwave  induced  force 


Literature 

u(z,t)  -  displacement  T(z,t)  -  temperature  deviation 
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Lin  1978 
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Medium:  Debye 
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System  of  equations: 
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displacement  (m) 
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spectral  and  modulation  effects: 
the  thermal  time  constant. 


John  M.  Osepchuk,  Ph.  D. 

Full  Spectrum  Consulting 
Concord,  MA  01742 

It  is  a  basic  premise  that  standards  for  safe  use  of 
electromagnetic  energy  should  be  continuous  across  the  interface 
between  millimeter-waves  and  infrared.  The  existing  consensus 
standard,  IEEE  C95.1-1991,  has  been  criticized  by  some  as  being  too 
lax  at  high  frequencies  ;i.e.  above  6  GHz.  The  standard  also  contains  a 
caveat  on  relaxation  of  hmits  for  partial-body  exposure  which  is 
justified  today  only  on  the  basis  that  the  averaging  time  in  C95 . 1- 
1991  may  not  be  conservative  enough  especially  around  the  range  of 

10  to  30  GHz.  ^  , 

To  meet  these  objections  it  is  necessary  to  cntically 

review  the  possibility  of  "athermal"  effects  in  the  millim.eter-wave 
range  and  to  estabUsh  a  better  scientific  basis  for  averaging  time 
from  more  accurate  information  on  thermal  time  constants. 

A  variety  of  "athermal"  effects  are  reviewed.  It  is  noted 
that  there  is  no  evidence  for  such  effects  in  the  millimeter-wave 
spectrum  except  for  frequency-specific  effects.  The  weakness  of  the 
experimental  data-base  for  such  effects  is  described  by  Petersen  in 
the  following  paper.  The  rest  of  speculative  "athermal"  effects 
( including  pulse  effects)  have  no  support  in  the  experimental  laser 
literature  (above  300  GHz).  The  only  effect  not  related  to 
thermalizing  levels  of  exposure  is  the  microwave  auditory  effect.  The 
evidence  for  this  effect  exists  up  to  5.8  GHz  and  there  are  anecdotal 
reports  of  such  effects  by  laser  experimenters.  Research  is  required 
to  fuUy  establish  this  effect  across  the  spectrum.  It  remains 
questionable  whether  this  is  a  basis  for  limits  on  peak  exposure. 

The  meaning  of  the  classical  averaging  time  of  six 
minutes  can  be  shown  to  relate  to  the  thermal  time  constant  of  small 
portions  of  the  body  e.g.  like  the  eyeball  or  the  testes.  Whole-body 
exposures  have  been  shown  to  relate  to  a  thermal  time  constant  of 
about  one  hour.  A  review  of  theoretical  solutions  for  heating  of  tissue 
shows  an  tmdue  emphasis  on  two-dimensional  models  which  do  not 
yield  information  on  a  definitive  time  constant.  A  review  of  work  in 
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the  laser  field  and  in  heating  of  non-hving  materials  shows  that 
thermal  time  constant  is  determined  strongly  by  heating  (or 
irradiation)  area  and  secondarily  by  penetration  depth.  More  work  is 
necessary  before  one  can  derive  meaningful  functions  of  frequency 
to  describe  averaging  time  in  the  next  revision  of  C95.1.  It  must 
relate  to  the  accurate  models  of  thermal  time  constant  as  well  to 

averaging  times  in  laser  standards. 

There  is  a  striking  contrast  in  the  nature  of  literature  in 

the  laser  field  and  the  microwave  (millimeter-wave)  field. 
Speculative  papers  on  "athermal"  effect  and  associated  Cheshire  Cat 
syndrome  are  apparent  below  300  GHz  but  not  above.  It  remains  to 
be  seen  what  association  this  difference  has  with  similar  contrast  in 
the  prevalence  of  "risk  communication",  "prudent  avoidance"  and 
Electrophobia  below  and  above  300  GHz. 
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BASIC  PREMISE 
for 

Rational  Standards  on 
Electromagnetic  Energy 


Electromagnetic  energy  is  a  key  tool  to 
improve  the  Quality  of  life  of  mankind 
snd  can  be  safely  used.  It  is  not  a 
"pollutant"  but  more  aptly  a  man-made 
extension  of  the  naturally-generated 
electromagnetic  spectrum  that  provides 
heat  and  light  for  our  sustenance! 

Sufficiently  high  levels  of  exposure  to 
electromagnetic  energy  can  be  hazardous, 
just  as  with  heat  and  Ught.  Therefore 
exposure  standards,  based  on  current 
scientific  knowledge,  exist  to  provide 
guidance  on  the  safe  use  of 
electromagnetic  energy.  Continuing 
research  enables  these  standards  to  be 
refined  and  improved  as  the  use  of 
electromagnetic  energy  expands 
worldwide  for  the  benefit  of  mankind . 
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Spectral  Regions  Associated  with 
Specific  Issues  and  Terms 

EMF:  Up  to  300  GHz 

Electrophobia:  Up  to  300  GHz 

Prudent  Avoidance:  ELF  to  RE 

Risk  Communication:  ELF  to  Microwaves 

Epidemiology:  ELF  to  Microwaves 

Cheshire  Cat:  ELF  to  Microwaves 

Window  Effects:  ELF  to  Microwaves 

Auditory  Effect:  Narrow  Microwave 

Spectrum 

Sensation  Thresholds:  Microwaves  to 

Light 

Science-Based  Standards:  RE  to  Light 
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Power  (watts) 


1000- 


100 


Radiation  Thresholds  and  Safe  Limits 


PBN-92-707 


Region  of  diathermy  and 
experimental  human 
exposure 


C95.1-1982  Safe  Exposure  Limit 


0.01 


ImW  0.001 


XfAc  ^  ?<f  ■  ••• 

X  x< 

X  X 


100  1000  110^  I  10' 
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Time  (seconds) 


Safe  Exposure  Limits  Across  the  EM  Spectrum 
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PBN-92-713 
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A  Capsule  Guide  to  IEEE  C95.1-1966 
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FREQUENCY  (MHz) 


A  Capsule  Guide  to  the  Final  Draft  Revision;  IEEE  C95,1-1991 
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Thermal  Time  Constants  in 
Bioeffect  Literature 


Microwave  Diathermy:  10  to  15  minutes 


Eyes  and  Testes  (Ely):  5  to  10  minutes 


Human  Whole  Body:  30  to  60  minutes 

(Hoeft,  Tell&Harlen) 


Infrared(Hardy):  ~  5  to  20  seconds 
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Analytical  Solutions  for 

Thermal  Time  Constant  in  Literature 

Two-dimensional:  Non-existent 

(Buettner,  Stoll...) 

Curve-Fitting:  Non-existent 

(Miller  et  al) 

Laser  Lierature:  Seconds  for  small  spots 

but  lack  of  application 
to  large  areas. 

Inanimate  Objects:  Time  constant  is 

proportional  to 
D2,  where  D  is  a 
diameter  of  an  area 
heated  at  the  surface 
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TABLE  1 


A  List  of  Some  A^j^^ratgioa  Tlia&s  In  Standaiirda 


X 

( hour ) 

Mierowavfe- 

(  raw  \ 

Country 

i  0.2  i 

1  cm2j 

Corament 

Australia 

(1985) 

1/60 

1.0  Occ 

0.2  GP 

1/60 

1/300 

Occupational  exposures 
up  to  5  Po  ceiling 
allowed  for  t  <  30 
minutes  but  with 
40-minute  recovery 
required. 

Canada 

0.1 

1 . 0  Occ 
0.2^ 

0.1 

0.02 

— 

IRPA 

0.1 

5.0  Oc:c 
1.0  GP- 

0.5 

0.1 

USSR 

8.0 

24.0 

.025  Qc;c 
.010  ^ 

0.2 

0.24 

These  are  true 
averaging  times.  The 
new  USSR  limits  are  on 
dose  ...or .  energy,..;,^...:.,,,  . 

Poland 

8.0 

24.0 

0.2 

.01  OT 

1.6 

0.24 

No  true  averaging  time 
Instead  a  formula 
p^*t=32  is  used  for 
t  <  8  .0  hr.  up  to 

1 0  mW/cm^ . 
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Averaging  Times  in  Standards 
at  High  Frequencies 


T(min) 

C95.1 

15  -  300  GHz 

616,000/fi.2 

NCRP 

0.3  -  300 

6.0 

IRPA 

0.3  -  300 

6.0 

NRPB 

10  -  300 

68/fi05 

Z136 

300 

-0.15 
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AVD.  POWER  (mW) 


PBN-95-994 


Depiction  of  Optimum  Detection  Frequencies 
and  Threshold  Power  for  Eight  Subjects  ■ 
and  Typical  Detection  Threshold  Curve  x 


FREQUENCY  (kHz) 
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Auditory  Thresholds  in  Human 
Subjects:  2.45  GHz  Monopole 


Subject  Age 

Sex 

Frequency 

Power 

Peak 

Average 

Watts 

P 

69 

M 

8.9  kHz 

17 

0.2 

AV 

50 

M 

9.1 

17 

0.2 

JS 

55 

M 

9.1 

21 

0.25 

RE 

58 

M 

9.3 

23 

0.27 

PG 

72 

M 

9.3 

83 

0.55 

TM 

25 

M 

12.0 

20 

0.24 

PZ 

~45 

M 

11.2 

21 

0.25 

NN 

~40 

F 

12.8 

23 

0,27 

MJH 

~50 

F 

12.1 

22 

0.26 

DP 

~35 

M 

11.8 

23 

0.28 

JA 

~45 

M 

12.3 

19 

0.23 

CS 

55 

M 

8.8 

21 

0.25 

JZ 

51 

M 

9.8 

22 

0.26 

MG 

40 

M 

12.1 

20 

0.24 

MBI 

~45 

M 

9.6 

34 

0.40 

DER 

~50 

M 

9.6 

71 

1.15 

JMO 

32 

F 

9.8 

20 

0.40 

CR 

~35 

M 

12.5 

7 

0.15 

JGO 

38 

M 

11.0 

7 

0.15 

RF 

~60 

M 

These  subjects  could  not  detect  the 

WCB 

~80 

M 

microwave  signal  within  the  range 

RCP 

~59 

M 

of  power  available- 

■i.e  roughly 

EA 

~65 

F 

100  Watts  peak. 

EB 

~65 

M 

Many  of  them  could  hear  airborne 

PB 

~64 

F 

sounds  from  the  monopole  with 

SO 

62 

F 

lossy  sheet  load  up  to  8  kHz.  Several 

with  known  ear  damage  could  hear 

the  airborne  sounds  only  below  5  kHz. 
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NORMALIZED  ACOUSTIC  AMPLITUDE  (voltage) 


PBN-95-996 


Normalized  Acoustic  Signal  vs. 
Normalized  Peak  Microwave  Power 


O  Microphone  Output  in  Empty  Exposure  Chamber 
Driven  by  Microwave  Pulse  with  Amplitude  Modulation 

X  Transducer  Response  from  Water  Load  with  Nylon  Tube 
in  S-Band  Waveguide  Driven  by  28  |xsec  Pulsed  Microwaves 
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Additional  Questions  about  mm-Waves 
and  Quasi-Optical  Radiation 

Us  sensation  from  exposure  considered 
beneficial  or  hazardous? 

2.  Besides  sensible  heat  and  vision  are 
there  any  other  sensations  ? 

3.  Are  there  auditory  effects? 

4.  What  are  the  optimum  waveforms  and 
modulation  for  an  auditory  effect? 

5.  Is  there  a  dependence  on  spatial 
distribution  of  radiation  in  sensations? 

6.  Is  there  a  minimum  irradiation  area 
below  which  thermal  sensation  is  not 
assured? 
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Critical  Reviews  of  Millimeter-Wave  Athermal  Effect  Studies  Relative  to 
Microwave  Engineering  Principles 

J.  M.  Osepchuk,  Full  Spectrum  Consulting,  Concord,  MA 
R.  C.  Petersen,  Lucent  Technologies  Inc.,  Murray  Hill,  NJ 


Abstract 

This  is  a  preliminary  report  on  a  collaborative  project  on  the  subject  of  artifacts  in 
micro\wave  systems  and  their  implications  for  bioeffect  studies.  In  this  paper  we  report 
only  on  one  of  these  artifacts;  the  presence  of  and  the  effect  of  harmonics  that  are 
present  in  all  microwave  power  sources.  This  is  a  fundamental  fact  well  known  to  older 
engineers  versed  in  the  knowledge  that  all  sources  are  non-linear  devices.  A  literature 
survey  shows,  however,  that  this  subject  has  been  neglected  for  many  years,  such  that 
its  discovery  recently  in  Russia  was  described  with  surprise. 

Classically  it  is  well  known  from  studies  of  radar  transmitters  that  harmonic  energies 
from  most  sources  range  from  -10  to  -30  dB  below  the  fundamental  for  the  2nd  and  3rd 
harmonic.  Solid  state  devices  and  traveling  wave  tubes  (TWTs)  exhibit  high  harmonic 
content  —  some  as  high  as  -8  dB.  Resonant  devices  like  the  klystron  exhibit  much  less 
harmonic  energy  because  of  inherent  filtering.  Backward  wave  oscillators  (BWOs)  and 
magnetrons  can  exhibit  significant  harmonics  as  well  as  spurious  signals. 

This  paper  describes  one  set  of  experiments  concerning  the  performance  of  a  variable 
attenuator.  The  literature  contains  reports  of  studies  where  vane-type  attenuators  are 
used  with  BWO  sources  as  part  of  an  exposure  system  and  resonance  effects  are 
reported  at  levels  far  below  thermal  noise.  In  some  of  these  studies  power  delivered  to 
the  sample  is  extrapolated  from  the  forward  and  reflected  power  and  the  combined 
attenuation  of  one  or  more  variable  attenuators.  Although  the  commercial  type  variable 
attenuator  used  in  this  study  is  more  complex,  it  serves  the  purpose  of  demonstrating 
that  at  harmonic  frequencies  the  attenuation  will  be  suppressed  in  “windows.” 

In  experiments  at  low  frequencies,  coaxial  cable  and  circulators  will  tend  to  suppress 
harmonics,  e.g.,  a  waveguide-to-coax  transducer  suppresses  certain  mode  excitations. 
At  high  frequencies,  where  tubes  and  solid  state  devices  are  mounted  directly  to  the 
waveguide,  a  variety  of  waveguide  modes  at  harmonic  frequencies  will  be  excited. 

These  harmonics  will  be  significant.  Relying  on  a  variable  attenuators  to  vary 
fundamental  power  will  be  misleading  because  considerable  harmonic  power  will  be 
transmitted  despite  large  attenuation,  e.g.,  50  or  more  dB  at  the  fundamental  frequency. 

The  importance  of  the  harmonic  energy  increases  at  millimeter-wave  frequencies 
because  radiating  horns  will  exhibit  uncontrolled  radiation  patterns  at  harmonic 
frequencies  under  multi-mode  conditions.  The  likely  result  is  hot  spots  in  the  radiation 
pattern  at  a  given  distance.  Furthermore,  because  of  the  shallow  penetration  depth, 
significant  effects  may  be  expected  despite  the  low  power.  This  harmonic  power  density 
will  be  many  orders  of  magnitude  above  the  assumed  levels  associated  with  the 
fundamental  signal. 
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These  effects  likely  have  occurred  in  many  millimeter-wave  experiments  if  there  has 
been  no  control  of  harmonics.  In  some  cases  they  may  have  been  interpreted  as  due  to 
very  low  power  densities  at  the  fundamental  frequency.  In  some  cases  they  simply 
clutter  the  data.  In  general  they  would  be  expected  to  add  a  great  deal  of  frequency 
sensitivity  and  randomness  to  the  appearance  of  the  data. 

Consideration  of  harmonics  should  be  on  the  check  list  for  all  experiments,  even  at 
lower  frequencies.  Furthermore,  it  should  be  one  of  the  check  items  on  literature  review 
forms. 
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Figure  Captions 

A.  Test  of  a  Western  Microwave  CTS-24  circulator.  The  upper  two  traces  show  the 
signal  without  the  circulator  (top  trace)  and  the  signal  between  circulator  ports  1  and  2 
with  the  circulator  in  the  system.  The  bottom  trace  shows  the  reverse  signal  (from  ports 
2  to  1).  The  results  show  at  least  20  dB  of  isolation  in  the  reverse  direction. 

B.  Spectrum  analyzer  display  of  the  harmonics  in  the  4-6  GHz  band  from  a  2-4  GHz 
swept  signal.  (The  spectrum  analyzer  has  a  YIG  preselector.)  The  top  trace  is  without 
a  circulator  in  the  circuit  and  the  sweeper  output  unleveled;  the  green  trace  (middle)  is 
without  a  circulator;  and  the  bottom  trace  is  with  the  sweeper  leveled  and  a  circulator 
present.  Note  that  leveling  the  solid-state  sweeper  affects  the  harmonics  and  the 
circulator  attenuates  the  harmonics  (which  are  out  of  band  for  the  circulator.) 

C.  Spectrum  analyzer  display  of  the  harmonics  in  the  6-8  GHz  band  from  a  2-4  GHz 
swept  signal.  The  top  trace  is  without  a  circulator;  the  bottom  trace  is  with  a  circulator. 

A  section  of  “C”-band  waveguide,  which  acts  as  a  high-pass  filter  (fc  «  4.3  GHz),  is 
included  in  the  system  to  show  that  the  harmonics  are  real  and  not  a  spurious  response 
of  the  spectrum  analyzer.  Note:  Again  the  harmonics  are  reduced  by  the  circulator. 

D.  Spectrum  analyzer  display  of  the  harmonics  in  the  8-10  GHz  band  from  a  swept  2-4 
GHz  signal.  The  top  trace  is  without  a  circulator;  the  bottom  trace  is  with  a  circulator.  A 
section  of  C-band  waveguide  is  included  in  the  system.  There  may  be  overlap  of  the 
harmonics,  e.g.,  3rd  and  4th. 

E.  Spectrum  analyzer  display  of  the  transmission  through  back-to-back  S-band  (2.6  - 
3.95  GHz;  fc  =  2.08  GHz)  waveguide-to-coax  transducers.  The  sweep  frequency  is 
4-6  GHz.  The  top  trace  is  straight  through  (without  the  adapters  in  the  system);  the 
bottom  trace  is  the  signal  through  the  transducers.  Note  the  presence  of  cutoff 
resonances  for  the  various  modes  —  sometimes  with  significant  loss. 

F.  Spectrum  analyzer  display  of  the  transmission  through  back-to-back  S-band 
waveguide-to-coax  transducers.  The  sweep  frequency  is  6-8  GHz.  The  top  trace  is 
straight  through  (without  the  adapters  in  the  system);  the  middle  trace  is  the  signal 
through  the  transducers  (unleveled);  and  the  bottom  trace  is  the  leveled  signal  through 
the  transducers.  Note  the  significant  loss  of  the  cutoff  resonances  for  the  various 
modes. 

G.  The  2-4  GHz  performance  of  an  S-band  waveguide  attenuator.  The  sweeper  was 
not  leveled  and  so  the  traces  are  not  flat.  The  top  trace  is  with  0  dB  attenuation;  each 
successive  trace  corresponds  to  a  10  dB  increase  in  the  attenuator  setting.  A  circulator 
is  included  in  the  system. 

H.  The  4-6  GHz  performance  of  an  S-band  waveguide  attenuator.  The  sweeper  was 
not  leveled.  The  top  trace  is  with  0  dB  attenuation;  each  successive  trace  corresponds 
to  a  10  dB  increase  in  the  attenuator  setting.  A  circulator  is  included  in  the  system. 

Note  that  the  attenuator  still  works  even  though  higher  order  modes  can  propagate 
roughly  above  4.4  GHz. 


300 


I.  The  6-8  GHz  performance  of  an  S-band  waveguide  attenuator.  The  sweeper  was  not 
leveled.  The  top  trace  is  with  0  dB  attenuation;  each  successive  trace  corresponds  to  a 
10  dB  increase  in  the  attenuator  setting.  A  circulator  is  included  in  the  system.  Note 
that  the  attenuator  still  works  but  with  decreased  dynamic  range. 

J.  The  same  as  in  the  previous  figure  but  with  the  waveguide-to-coax  transducers 
displaced  approximately  0.5  cm  along  the  long  axis  of  the  7.2  X  3.4  cm  waveguide.  The 
attenuator  still  works  at  many  frequencies  but  collapses  at  others,  e.g.,  around  6.8  GHz. 
The  explanation  is  that  the  misalignment  of  the  transducers  helps  to  excite  the  TE20 
mode  which  may  not  be  affected  by  the  attenuator. 

K.  Attenuator  performance  with  the  axes  of  each  waveguide-to-coax  transducer  aligned 
45°  to  the  corresponding  axes  of  the  attenuator  waveguide.  Even  though  substantial 
TE01  mode  is  being  excited  above  4.4  GHz,  the  attenuator  appears  to  function  well  at  2  - 
4  GHz. 

L.  Attenuator  performance  from  4-6  GHz  with  the  axes  of  each  waveguide-to-coax 
transducer  aligned  45°  to  the  corresponding  axes  of  the  attenuator  waveguide.  A  broad 
“window”  is  observed  above  5  GHz  where  the  variable  action  of  the  attenuator 
disappears.  The  transmission  is  reasonably  high  considering  the  losses  in  the  feeds 
and  the  waveguide-to-coax  filtering  action.  It  shows  that  variable  attenuators  can  be 
defeated  at  higher  frequencies  due  to  higher  modes.  The  effectiveness  of  a  simple  vane 
(or  “flap")  attenuator  would  be  decreased  if  TE20  orTE  01  modes  are  excited. 

M.  Attenuator  performance  from  6-8  GHz  with  the  axes  of  each  waveguide-to-coax 
transducer  aligned  45°  to  the  corresponding  axes  of  the  attenuator  waveguide.  Here  the 
dramatic  collapse  of  the  variable  attenuation  can  be  seen,  e.g.,  little  loss  at  7.15  GHz 
but  much  more  at  7.13  of  7.17  GHz  and  similar  behavior  at  7.76  GHz.. 
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CTR  3.0010  GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
REF  30  dBm  10  dB/  ATTEN  40  dB  SWP  2  sgc/ 
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CTR  5. 0006  GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
REF  30  dBm  10  dB/  ATTEN  40  dB  SWP  2  sqc/ 


303 


B.  Spectrum  analyzer 
from  a  2-4  GHz  swept  i 


CTR  7. 0006  GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
REF  30  dBm  10  dB/  ATTEN  40  dB  SWP  2  sec/ 


304 


.  Spectrum  analyzer  display  of  the  harmonics  in  the  6-8  GHz  band  from  a  2-4  GHz  swept  signal. 


GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
10  dB/  ATTEN  40  dB  SWP  2  sqc/ 
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.  Spectrum  analyzer  display  of  the  harmonics  in  the  8-10  GHz  band  from  a  swept  2-4  GHz  signal. 


CTR  5. 0001  GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
REF  20  dBm  10  dB/  ATTEN  30  dB  SWP  2  sec/ 


306 


E.  Spectrum  analyzer  display  of  the  transmission  through  back-to-back  S-band  waveguide-to- 
coaxial  transducers. 
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F.  Spectrum  analyzer  display  of  the  transmission  through  back-to-back  S-band  waveguide-to- 
coax  transducers. 


CTR  3  0002  CHz  SPAN  200  HHz/  RES  BH  1  HHz 
REF  20  dB«  10  dB/  ATTEN  30  dB  SSP  2  sec/ 
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The  2-4  GHz  performance  of  an  S-band 


CTR  5. 0007  GHz  SPAN  200  MHz/  RES  BW  1  MHz  VF  OFF 
REF  20  dBm  10  dB/  ATTEN  30  dB  SWP  2  sqc/ 
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.  The  4-6  GHz  performance  of  an  S-band  waveguide  attenuator. 
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CTR  3. 0002  GHz  SPAN  200  MHz/  RES  BW  1  MHz 
REF  20  dBtn  10  dB/  AITEN  30  dB  SWP  2  sqc/ 


corresponding  axis  of  the  attenuator  waveguide. 
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A  Thermal  Model  for  Human  Thresholds 
of  Microwave-Evoked 
Warmth  Sensations 
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^Systems  Research  Laboratories,  Brooks  Air  Force  Base,  Texas 
^ Radiofrequency  Radiation  Division,  Occupational  and  Environmental  Health  Directorate, 
USAF  Armstrong  Laboratory,  Brooks  Air  Force  Base,  Texas 

Human  thresholds  for  skin  sensations  of  warmth  were  measured  at  frequencies  from  2.45  to  94  GHz. 
By  solving  the  one-dimensional  bioheat  equation^  we  calculated  the  temperature  increase  at  the  skin 
surface  or  at  a  depth  of  175  pm  at  incident  power  levels  corresponding  to  the  observed  thresholds. 
The  thermal  analysis  suggests  that  the  thresholds  correspond  to  a  localized  temperature  increa^  of 
about  0.07  ®C  at  and  near  the  surface  of  the  skin.  We  also  found  that,  even  at  the  highest  frequency 
of  irradiation,  the  depth  at  which  the  temperature  receptors  are  located  is  not  a  relevant  parameter, 
as  long  as  it  is  within  0.3  mm  of  the  surface.  Over  the  time  range  of  the  simulation,  the  results  of 
the  thermal  model  are  insensitive  to  blood  flow,  but  sensitive  to  thermal  conduction;  and  this  sensitivity 
increases  strongly  with  frequency.  We  conclude  with  an  analysis  of  the  effect  of  thermal  conduction 
on  surface  temperature  rise,  which  becomes  a  dominant  factor  at  microwave  frequencies  over  10 
GHz.  Bioelectromagnetics  18:578-583,  1997.  ©  1997  Wiiey-Uss,  Inc. 

Key  words:  warmth  threshold;  microwaves;  bioheat  equation;  skin  sensation 


INTRODUCTION 

Numerous  attempts  have  been  made  to  infer  the 
location  and  functional  properties  of  warmth  receptors 
in  the  skin  from  psychophysical  data  for  the  threshold 
of  warmth  [e.g.,  Hendler  and  Hardy,  1960;  Eijkman 
and  Vendrik,  1961;  Hendler  et  al.,  1963;  Hendler, 
1968;  Stevens  et  al.,  1973].  Most  of  these  attempts 
have  been  limited  by  their  restriction  of  the  radiation 
studied  to  the  infrared  and/or  one  or  two  microwave 
frequencies.  Modeling  efforts,  based  on  physical  and 
physiological  principles,  have  generated  three  general 
hypotheses  of  the  adequate  proximal  stimulus  for  cuta¬ 
neous  warmth  sensation:  (1)  to  reach  threshold,  the 
stimulus  must  produce  a  fixed  increase  in  temperature 
(AT)  in  the  vicinity  of  receptors  located  150-200  |im 
below  the  skin  surface  [Hendler  and  Hardy,  1960],  (2) 
a  stimulus  reaches  threshold  when  it  produces  a  fixed 
difference  in  temperature  between  two  subcutaneous 
layers  located  about  200  and  1000  pm  deep  [Hendler 
et  al.,  1963],  and  (3)  a  stimulus  produces  a  threshold 
sensation  when  AT  at  the  receptor  layer  reaches  a  level 
that  varies  with  the  concurrent  level  of  adaptation 


[Eijkman  and  Vendrik,  1961].  To  date,  the  most  appro¬ 
priate  among  these  three  hypotheses,  or  perhaps  others, 
has  not  been  determined. 

Recent  measurements  [Blick  et  al.,  1997]  let  us 
reexamine  and  perhaps  resolve  this  question.  In  this 
study,  the  threshold  of  human  cutaneous  warmth  sensa¬ 
tion  was  determined  by  applying  10-s  duration  pulses 
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of  microwave  energy  at  the  frequencies  of  2.45,  7.5, 
10,  35,  and  94  GHz  over  a  region  of  237  cm’  on  the 
back  of  16  male  adults.  The  thresholds  for  detection 
of  the  energy  decrease  as  the  frequency  increases;  in 
other  words,  less  incident  power  is  needed  to  produce 
a  perceptible  sensation  at  higher  frequencies.  The  ex¬ 
perimental  data  fit  a  linear  regression  in  log-log  coordi¬ 
nates,  which  can  be  described  by  the  following  expres¬ 
sion: 


T  1  /IN 

P,H  (mW/cm’-)  -  ^  (1) 

where  P,h  is  the  threshold  incident  power  and  f  is  the 
frequency  (in  GHz). 

It  is  well  known  that  the  energy  penetration  depth 
in  tissues  decreases  with  frequency.  Because  of  this 
effect  it  is  expected  that  the  temperature  at  the  surface 
increases  with  frequency  if  the  incident  power  is  con¬ 
stant;  in  other  words,  the  power  required  to  produce 
the  same  increment  in  surface-temperature  will  de- 
crcase  with  frequency.  Data  on  the  field  penetration 
depth  (5)  summarized  by  Blick  et  al.  [1997],  however, 
can  be  fitted  approximately  by  a  power  law  behavior 
that  is  different  from  that  describing  sensory  thresh¬ 
olds: 


5  (cm)  «  ^  .  (2) 

This  suggests  that  another  mechanism,  probably 
related  to  heat  transport  in  tissue,  is  also  significant. 
To  investigate  the  properties  of  this  mechanism,  we 
modeled  the  thermal  response  of  the  irradiated  tissue 
using  the  bioheat  equation,  to  predict  the  temperature 
increase  caused  by  an  incident  electromagnetic  wave 
at  the  skin  surface. 


METHODS 

The  bioheat  equation,  assuming  a  constant  ther¬ 
mal  conductivity,  can  be  written  [Gao  et  al.,  1995]: 

pcp  —  -  kV-T  +  V(x,  t)T  =  Q(x,  t)  (3) 
5t 

where  T  is  the  difference  between  the  tissue  tempera¬ 
ture  and  the  blood  temperature  (in  kelvins),  p  is  the 
density  of  the  tissue  (in  g/cm^),  Cp  is  the  specific  heat 
of  the  tissue  (in  J/gK),  k  is  the  thermal  conductivity 
(in  W/cmK),  V(x,  t)  is  the  blood  perfusion  parameter 
(in  W/cm^K),  and  Q  is  the  power  deposited  in  the  body 
(in  W/cm-’). 

For  the  purposes  of  these  calculations,  the  blood 
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TABLE  1.  Electrical  Properties  of  Tissue  Assumed  in  the  Model 


Frequency  (GHz) 

A 

5  (cm) 

t2  (S) 

2.45 

0.4 

2 

700 

7 

0.4 

0.6 

15 

iO 

0.45 

0.4 

60 

35 

0.5 

0.07 

0.9 

100 

0.56 

0.02 

0.07 

*The  values  for  the  thermal  parameters  were  taken  from  Gao  et  al. 
(1995)  and  are  it  =  6  X  IQ-’  W/cmK.  V  =  6.7  X  lO"’  W/cmX  p 
=  1  g/cm^  c,,  =  4  J/gK. 


perfusion  parameter  was  assumed  to  be  constant  over 
time  and  space.  The  power  deposited  in  a  semi-infinite 
body  by  an  incident  electromagnetic  wave  is  given  by; 


Q(x,  t)  =  ^  e-^’"«tJ(t)  (4) 

0 

where  lo  is  the  intensity  of  the  incident  wave  (W/cm^), 
A  is  the  power  transmission  coefficient  between  air 
and  the  tissue,  8  is  the  field  penetration  depth  (depth 
where  the  electric  field  falls  by  a  factor  of  e),  and  U(t) 
is  the  unit  step  function. 

Because  the  area  of  the  heated  skin  in  the  experi¬ 
ment  was  large  enough  (237  cm^),  the  bioheat  equation 
was  considered  in  one  dimension  only.  The  analytical 
solution  provided  by  Foster  et  al.  [1978]  was  used. 
Numerical  calculations  were  done  using  Matlab  (Math- 
Works,  Natick,  MA).  These  calculations  were  supple¬ 
mented  by  direct  solution  of  Eq.  (4)  using  a  commer¬ 
cial  two-dimensional  finite  element  method  package 
(PDEase,  Macsyma  Inc.,  Arlington,  MA),  in  part  to 
avoid  numerical  difficulties  in  evaluating  the  comple¬ 
mentary  error  function  over  certain  parameter  ranges 
in  the  analytical  solution  and  in  part  to  verify  the  ana¬ 
lytical  solution;  the  finite  element  solution  agreed  well 
with  the  analytical  solution.  The  results  shown  below 
are  for  an  insulated  boundary  condition.  The  tempera¬ 
ture  increases  are  not  greatly  affected  if  physiologically 
relevant  heat  transfer  coefficients  from  skin  to  air  are 
assumed,  in  part  because  the  increase  in  surface  tem¬ 
perature  is  small  and  the  irradiation  times  are  quite 
short. 

The  irradiation  frequencies  used  in  the  simulation 
were  2.45,  7,  10,  35,  and  100  GHz.  They  were  chosen 
because  they  approximate  the  experimental  frequen¬ 
cies,  and  also  because  data  exist  in  the  literature  to 
calculate  the  thermal  relaxation  time,  which  is  defined 
in  the  following  section.  The  values  used  for  these 
parameters,  obtained  from  Foster  and  Schwan  [1989], 
Polk,  [1996],  and  Lin  and  Gandhi  [1996]  are  summa¬ 
rized  in  Table  1 . 
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Frequency  (GHz) 


Fig.  1.  (a)  Calculated  temperature  increases  at  skin  surface  and 
at  a  depth  of  0.1 75  mm  after  3  and  1 0  s  of  irradiation  at  different 
frequencies,  using  the  threshold  values  of  incident  power  den¬ 
sity  given  by  Blick  et  al.  [1997].  (b)  Temperature  difference  be¬ 
tween  depths  of  0.175  and  1  mm  at  different  frequencies.  The 
thresholds  reported  by  Blick  et  al.  were  63.1  mW/cm^  (2.45 
GHz),  7.5  mW/cm'  (7.5  GHz),  19.6  mW/cm^  (10  GHz),  8.8  mW/ 
cm^  (35  GHz)  and  4.5  mW/cm^  (94  GHz). 


RESULTS 

Figure  1  (a)  shows  the  increases  in  temperature 
at  the  surface  of  the  skin  and  at  a  depth  of  0.175  mm, 
corresponding  to  the  incident  power  densities  at  the 
sensory  thresholds  measured  by  Blick  et  al.  [1997]. 
There  is  no  significant  difference  between  these  two 
temperatures  over  the  range  of  frequencies  explored, 
either  after  3  s  or  after  10  s  of  exposure.  The  mean 
temperature  increases  after  3  and  10  s  are  0.025  and 
0.062  °K,  respectively. 

We  also  calculated  the  difference  in  temperature 
at  depths  of  0.175  and  1  mm  (Figure  1  (b)).  In  contrast 
to  the  temperature  increases,  these  differences  vary  by 
more  than  an  order  of  magnitude  over  the  frequency 
range  of  the  measurements,  because  of  the  correspond¬ 
ing  decrease  in  penetration  depth. 

To  illustrate  the  spatial  and  frequency  dependence 
of  the  tissue  temperature,  we  calculated  the  temperature 


profiles  at  several  frequencies  as  a  function  of  depth 
(Figure  2).  At  a  depth  of  0.25  mm,  after  10  s  of  expo¬ 
sure  the  temperature  is  close  (within  10%)  to  its  value 
at  the  surface,  because  of  the  effects  of  heat  conduction. 
This  is  true  even  at  100  GHz,  where  the  penetration 
depth  is  of  the  order  of  0.2  mm.  The  lack  of  significant 
temperature  gradients  over  such  short  distances  is  con¬ 
sistent  with  the  hypothesis  that  the  threshold  is  corre¬ 
lated  with  a  given  increase  in  temperature,  regardless 
of  whether  the  thermoreceptors  are  located  at  the  skin 
surface  or  at  a  depth  of  a  few  tenths  of  a  millimeter. 

To  evaluate  the  sensitivity  of  our  calculations  to 
parameters  chosen  in  the  model,  we  changed  the  values 
of  the  thermal  conductivity  (k)  and  the  blood  perfusion 
parameter  (V)  in  steps  of  one  order  of  magnitude.  The 
results  of  these  calculations  for  the  frequencies  of  2.45 
and  100  GHz  are  shown  in  Figure  3.  It  is  clear  that  at 
2.45  GHz  (Figure  3  (a)),  effects  of  heat  conduction  are 
not  significant  over  the  time  scale  of  the  measurements 
(10  s);  at  higher  frequencies  such  effects  are  more 
pronounced. 

At  all  frequencies,  the  calculated  results  are  inde¬ 
pendent  of  the  value  of  the  blood  perfusion  parameter 
during  the  10  s  exposure  (Figure  3  (b)),  as  expected  from 
an  analysis  of  the  thermal  time  constants  involved  (see 
below).  Indeed,  a  simple  heat  conduction  model  would 
have  yielded  essentially  the  same  results  for  the  present 
situation  as  the  bioheat  equation.  We  note  that  other 
thermal  models  for  tissue  describe  convective  heat  trans¬ 
port  by  blood  in  terms  of  an  “effective”  thermal  conduc¬ 
tivity  [Baish  et  al.,  1986].  Such  models  would  yield  quite 
different  thermal  time  constants  for  convective  heat 
transport  by  blood  than  the  bioheat  equation. 

DISCUSSION 

Previous  psychophysical  data  for  warmth  thresh¬ 
olds  have  been  limited  to  stimulus  wavelengths  in  the 


0.01  0,1  1  10  100 


Depth  (mm) 

Fig.  2.  Temperature  profiles  after  10  s  of  excitation  at  three 
different  frequencies.  The  -10%  decay  in  the  100  GHz  profile 
is  shown. 
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Fig.  3.  Change  in  surface  temperature  with  time,  for  different 
values  of  k  and  V  (a)  at  2.45  GHz  (b)  at  100  GHz.  The  incident 
power  coincided  with  the  experimental  threshold  [Blick  et  al., 
1997]. 


infrared  (IR)  or,  at  most  to  one  or  two  microwave 
(MW)  frequencies.  This  has  led  to  some  controversy 
in  the  interpretation  of  such  data. 

For  example.  Hardy  and  his  colleagues  [Hardy 
and  Oppel,  1937;  Hendler  et  al.,  1958;  Hendler  and 
Hardy,  1960;  Hendler  et  al.,  1963;  Hendler,  1968], 
based  on  extensive  experiments  with  infrared  as  well 
as  studies  at  10  GHz,  concluded  that  “.  .  .a  threshold 
sensation  of  warmth  is  elicited  when  the  temperature 
of  a  more  superficial  layer  of  subcutaneous  tissue,  ap¬ 
proximately  200  pm  below  the  skin  surface,  is  in¬ 
creased  about  0.01  to  0.02  "C  over  the  temperature  of 
a  deeper  layer  in  the  skin  lying  about  1 000  pm  below 
the  surface”  [Hendler  et  al.,  1963,  p.224]. 

On  the  other  hand,  Vendrik  and  Vos  [1958],  on 
the  basis  of  threshold  data  for  infrared  energy  and  mi¬ 
crowaves  at  3  GHz,  rejected  the  idea  of  a  temperature 
gradient  as  the  adequate  stimulus  and  argued  ”.  .  . 
that  a  threshold  sensation  is  obtained  when  the  temper¬ 
ature  of  the  warmth  receptors  is  increased  by  a  certain 
amount  T”  [op.cit,  p.  443].  For  the  forearm  skin  (13 
cm^)  tested  by  Vendrik  and  Vos  [1958],  T  varied  from 
0.2  to  1.0  °C  among  several  subjects.  Because  they 
used  an  unusual  method  based  on  response  latency  to 
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determine  thresholds  and  because  the  forearm  skin  is 
somewhat  less  sensitive  than  the  back  especially  for 
small  stimulus  areas,  it  is  not  surprising  that  they  calcu¬ 
lated  larger  temperature  increments  at  threshold  than 
we  did.  Like  us,  when  they  tested  the  temperature  dif¬ 
ference  (i.e.,  gradient)  hypothesis,  they  found  that  no 
reasonable  values  of  thermal  parameters  for  skin  would 
produce  a  large  enough  thermal  gradient  to  account  for 
the  thresholds  for  perception  of  microwaves  at  lower 
frequencies  (<3  GHz). 

The  lO-s  duration  of  the  stimulus  pulses  may  have 
a  significant  bearing  on  the  calculations  described  in 
this  paper.  There  is  a  near-complete  reciprocity  be¬ 
tween  stimulus  intensity  and  duration  (called  temporal 
summation)  for  the  threshold  at  very  short  durations. 
This  ceases  at  a  “critical  duration”  beyond  which  du¬ 
ration  no  longer  matters  [Stevens,  1983].  Eijkman  and 
Vendrik  [1961],  based  on  studies  of  temporal  summa¬ 
tion  for  3  GHz  microwaves,  concluded  that  the  critical 
duration  was  3  s  and  that  stimulus  durations  between 
1  and  3  s  gave  rise  to  temperature  increases  that  varied 
with  stimulus  duration.  In  other  wor^s,  a  relatively  fast 
(time  constant  of  0. 1-0.3  s)  adaptation  process  influ¬ 
ences  the  temperature  increases  of  the  receptors  re¬ 
quired  to  reach  threshold.  Because  all  of  the  stimuli 
used  by  Blick  et  al.  [1997]  exceeded  the  3  s  critical 
duration,  this  rapid  adaptation  phenomenon  would  not 
affect  the  threshold  data  in  a  way  that  depends  on 
irradiation  frequency.  Thus,  our  finding  of  a  constant 
temperature  increase  at  the  receptor  level  at  the  critical 
duration  is  consistent  with  results  of  Eijkman  and  Ven¬ 
drik. 

We  conclude  that  a  change  in  skin  temperature 
on  or  very  near  the  surface  is  the  actual  stimulus  for 
the  perception  of  warmth.  Hardy  and  Bard  [1974]  re¬ 
mark  on  the  “exquisite  sensitivity”  of  human  skin  to 
its  own  temperature  and  add  that  humans  are  “.  .  . 
able  to  sense  changes  as  small  as  0.01  °C  in  mean  skin 
temperature’  ’  [op.  cit.,  p.  1309].  This  is  not  to  imply  that 
changes  in  ambient  (air)  temperature  of  this  magnitude 
would  be  discriminated.  Because  of  the  inefficiency  of 
convective  heat  exchange  between  air  and  skin,  a  sud¬ 
den  change  in  air  temperature  of  this  magnitude  might 
not  result  in  a  comparable  sudden  change  in  the  skin 
temperature  [Hardy  and  Oppel,  1938]. 

The  results  of  our  model  are  in  reasonable  agree¬ 
ment  with  the  hypothesis  that  the  threshold  for  percep¬ 
tion  depends  on  skin  temperature  increases,  using  the 
data  of  Blick  et  al.  [1997].  However,  there  is  significant 
scatter  (10%)  in  the  calculated  temperature  increase  at 
threshold.  This  may  arise  for  several  reasons.  The  first 
is  the  uncertainty  in  choosing  the  electrical  properties 
of  skin  and  superficial  tissue.  The  values  in  the  litera¬ 
ture  for  electrical  conductivity  and  electrical  permiti- 
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vity  often  vary  by  10%  or  more,  even  when  provided 
by  the  same  author.  These  parameters  directly  affect 
the  calculation  of  the  penetration  depth  (5)  and  the 
transmission  coefficient  (A): 


_  pCp 

"  V 

,  .pc£ 

4k 


(7) 


A  =  1  -  r-; 


ri2  +  i1i’  '  \ai+j“ei/ 


(5) 


thus  directly  affecting  the  calculations  of  the  tempera¬ 
ture  increase.  Because  the  dielectric  data  used  in  the 
present  study  came,  in  many  cases,  from  different  stud¬ 
ies,  this  could  be  a  source  of  variability  that  depends 
on  frequency. 

A  second  reason  for  scatter  is  the  electrical  non¬ 
uniformity  of  the  tissues,  which  include  layers  of  skin 
and  subcutaneous  fat.  The  approximation  of  a  dielectric 
half  space  will  fail,  particularly  at  lower  frequencies 
for  which  penetration  depth  is  larger  and  energy  is 
absorbed  by  layers  of  skin,  subcutaneous  fat,  and  mus¬ 
cle.  A  more  careful  calculation  would  be  needed  to 
take  such  frequency-dependent  effects  into  account. 

A  third  potential  reason  for  the  scatter  may  be 
a  frequency-dependent  variation  in  the  uniformity  of 
irradiation  of  the  subjects’  backs.  The  beam  from  the 
microwave  antennas  is  somewhat  nonuniform,  and  the 
beam  pattern  may  change  with  frequency.  This  might 
have  a  small  frequency-dependent  effect  on  the  thresh¬ 
olds  for  perception. 

Probably  the  most  important  reason  for  the  scatter 
in  the  results  are  uncertainties  in  measuring  the  sensory 
thresholds.  The  dispersion  in  the  threshold  data  re¬ 
ported  by  Blick  et  al.  [1997]  is  in  the  range  of  ±10% 
(standard  error  of  the  mean),  which  is  comparable  to 
the  scatter  in  the  present  results. 

The  present  model  could  be  improved  in  several 
ways,  including  by  extending  it  to  a  multi-layered  slab 
of  tissue  or  optimizing  the  choice  of  parameters  to  best 
fit  the  experimental  data.  Such  refinements  would  not 
significantly  change  our  conclusion  about  the  agree¬ 
ment  of  the  data  with  the  three  hypotheses  discussed 
above.  Moreover,  it  is  not  clear  that  the  psychophysical 
data  are  sufficiently  precise  to  warrant  such  efforts. 

We  conclude  with  a  brief  comment  about  the  ef¬ 
fects  of  thermal  conduction  in  determining  the  local 
rise  in  temperature.  The  solution  of  the  bioheat  equa¬ 
tion  for  this  situation  [Foster  et  al.  1978]  yields  two 
time  constants  X|  and  T2  that  characterize  the  thermal 
response: 


The  first  time  constant,  T| ,  is  associated  with  heat  con¬ 
vection  due  to  blood  perfusion  and  has  a  value  of  about 
700  s  for  the  parameter  values  given  above.  The  second 
parameter,  X2,  is  associated  with  heat  conduction  and 
ranges  from  0.07  to  700  s  for  the  microwave  frequen¬ 
cies  considered  here  (Table  1).  Over  most  of  this  fre¬ 
quency  range,  X|  ^  X2,  which  means  that  heat  conduc- 
'  tion  effects  will  be  more  pronounced  than  those  from 
blood  perfusion  over  the  time  periods  considered  in 
Blick’ s  study. 

Short  heating  times  (<^Xi,  X2)  correspond  to  the 
transient  regime  in  which  the  local  temperature  rise 
Ttransieni  IS  propoitional  to  the  locaLiSAR: 

T„3„si=„.(t)  =  ^t  (8) 

pCp8 

At  longer  times,  heat  transport  by  conduction  and,  still 
later,  by  blood  flow  becomes  important.  For  heating 
times  greater  than  X2,  corresponding  in  the  present 
study  to  10  s  of  irradiation  at  frequencies  above  about 


Field  Penetration  Depth  5  (cm) 


Fig.  4.  Surface  temperature  rise  (assuming  zero  blood  flow  or 
heat  loss  to  the  surrounding  air)  divided  by  the  surface  tempera¬ 
ture  rise  in  the  absence  of  heat  conduction  (T),  as  a  function  of 
the  field  penetration  depth  6.  The  symbols  indicate  the  field 
penetration  depths  at  the  frequencies  used  in  the  study  by  Blick 
et  al.  [1997]. 
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30  GHz,  the  surface  temperature  rise  depends  weakly 
on  the  energy  penetration  depth,  but  is  limited  by  diffu¬ 
sion  of  heat  into  the  tissue.  Under  such  circumstances, 
the  irradiation  is  equivalent  to  purely  surface  heating. 

These  results  are  summarized  in  Figure  4,  which 
shows  the  surface  temperature  rise  divided  by  the  sur¬ 
face  temperature  rise  in  the  absence  of  heat  conduction 
as  a  function  of  the  field  penetration  depth.  The  figure 
was  calculated  using  the  parameters  given  above,  as¬ 
suming  no  blood  flow  or  heat  loss  to  the  surrounding 
air.  The  figure  clearly  shows  the  dominant  effect  of 
heat  conduction  in  determining  the  surface  temperature 
rise,  even  after  a  few  seconds  of  irradiation,  at  the 
frequencies  used  by  Blick  et  al,  [1997], 


CONCLUSION 

A  very  simple  model  based  on  the  one-dimen¬ 
sional  bioheat  equation  with  a  semi-infinite  uniform 
tissue  plane  was  used  to  estimate  the  temperature  rise 
at  the  skin  surface  after  10  s  of  microwave  heating. 
The  measured  sensory  thresholds  corresponded  to  rises 
in  skin  temperature  of  0.06  to  0.08  °C.  If  the  stimulus 
duration  had  been  limited  to  3  s  (the  critical  duration 
at  which  temporal  summation  is  complete)  the  rise  in 
skin  temperature  in  the  vicinity  of  the  receptors  would 
be  0.02  to  0.03  ®C.  Thermal  conduction  effects  are 
clearly  important  in  determining  the  rise  in  surface 
temperature  over  this  range  of  irradiation  frequency. 
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Thermal  Models  of  IR  Laser  Effects,  R.  L.  McCallyi>2,  R.  A.  Farrelli’^^  C.  B. 
Bargeronl  and  W.  R.  Green^,  The  Johns  Hopkins  Univertity  University  Applied  Physics 
Laboratory!  and  The  Wilmer  Eye  Institute^ 

Infrared  radiation  is  absorbed  in  various  depths  of  the  cornea  depending  on  the  radiation 
wavelength.  The  concomitant  temperature  increase,  which  can  cause  cellular  injury,  depends  on 
the  absorption  coefficient,  the  laser  energy  density  or  irradiance  and  the  exposure  duration. 
Damage  thresholds  for  single-  and  multiple-pulse  exposures  are  discussed  in  terms  of  a  modified 
critical  temperature  model,  the  damage  integral  model,  and  other  empirical  correlations.  We  also 
discuss  a  simple  physical  model  (i.e.,  non-empirical)  which  is  appropriate  for  radiation  having 
very  small  absorption  depths.  The  model  assumes  damage  is  the  result  of  an  endothermic  phase 
transition  which  occurs  at  temperature  Tc  and  that  energy  density  Qc  is  absorbed  in  the  phase 
transition.  We  demonstrate  that  this  model  accurately  correlates  single-pulse  thresholds  for  002 
laser  exposures  having  durations  from  0.001  to  10  seconds  with  physically  reasonable  choices  for 
the  parameters  Tc  and  Qc- 
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In  an  experiment  P  and  n/e  are  measured  to  compute  /o,  or  ED  =  loT . 
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*  Temperature  rises  calculated  on  beam 
axis  10  pm  beneath  the  tear  surface. 


Modified  Criticai  Temperature  Modei 
C  O  Singie  puise 
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Fig.  5.  The  data  points  are  the  experimental  peak  inadiances 
required  to  produce  threshold  dai^e,  as  a  function  of  beam 
diameter.  The  eiqxKure  durations  were  0.1  s  in  (a),  1.0  s  in  (b) 
and  10.0  s  in  (c).  The  solid  lines  are  the  calculated  peak  irra> 
diances  needed  to  produce  a  fixed  temperature  rise  at  a 
point  on  the  beam  axis  10  /an  deep  into  the  einthelium.  ATc 
=  4rC  in  (a),  39*C  in  (b)  and  36®C  in  (c). 
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ASSUMPTION  -  DAMAGE  IS  ASSOCIATED  WITH  THE  TRANSFORMATION 

OF  A  SPECIFIC  AMOUNT  OF  MATERIAL  PER  UNIT 
SURFACE^ArEA  (i.e.,4/ITH  A  FIXED  QUANTITY  OF  HEAT 
PER  UNIT  SURFACE  AREA,  Qc,  GOING  INTO  THE 
TRANSITION) 


o 


CM 


I 


!! 

O 

•  I 

£ 

LU 


il 


333 


THERMAL  DIFFUSIVITY  K  =  THERMAL  CONDUCTIVITY 


SIMPLE  MODEL  INCORPORATING  A  PHASE  TRANSITION 
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CAN  REASONABLE  VALUES  OF  Qc  AND  Tc  LEAD  TO 
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Temperature  rise  (C)  Temperature  rise  (C) 
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Fig.  10.  The  measured  energy  density  with  various  threshold 
exposures  plotted  against  the  number  of  pulses  in  the  train.  The 
symbols  correspond  to  those  in  Tables  2  and  3.  The  data  are 
consistent  with  a  relationship  ED^/,  =  where  C  depends 

on  the  PRF. 


Fig.  11.  ED;/,  for  the  multiple-pulse  exposures  in  Tables  2  and 
3  as  a  function  of  the  total  duration  of  the  pulse  train.  For  du-  . 
rations  longer  than  0. 1  s,  the  data  are  correlated  by  an  empirical 
power  law  of  the  form  ED,/,  The  plot  symbols  corre¬ 

spond  to  the  respective  conditions  defined  in  Tables  2  and  3. 
The  solid  circles  are  for  the  single-pulse  exposures  that  have 

durations  ^0.1  s  (cf.  Table  1). 
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ABSTRACT 

The  recent  development  of  ultrafast  laser  systems  in  the  visible  and  near  infrared  spectral  regions  requires 
detailed  knowledge  of  the  material  properties  of  ocular  media.  Different  physical  mechanisms  play 
competing  roles  and  give  rise  to  new  phenomena  as  the  femtosecond  laser  pulse  propagates  in  ocular  media. 

We  investigate  the  relative  importance  of  radial  diffraction  and  material  dispersion  for  a  wide  range  of 
wavelengths  for  femtosecond  laser  pulse  propagation.  Furthermore,  we  investigate  the  significance  of  the 
various  physical  parameters,  including  the  laser’s  temporal  and  radial  pulse  width,  intensity  and  wavelength 
and  the  relevant  nonlinear  and  dispersive  material  properties. 

Because  no  analytical  solution  exists  which  can  fully  explain  the  laser-material  interaction,  we  use 
numerical  techniques.  We  give  certain  numerical  results  for  various  incident  laser  and  material  parameters 
associated  with  the  laser-ocular  media  interaction. 
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1.  INTRODUCTION 


The  study  of  spatiotemporal  effects  of  laser  propagation  is  of  considerable  current  interest. For  the 
case  of  intense  continuous  wave  (cw)  light  beams,  the  interaction  of  the  nonlinearity  and  diffraction  can  lead 
to  self-focusing  and,  in  certain  cases,  to  critical  collapse.  In  the  case  of  temporally  pulsed  optical  beams,  the 
nonlinearity  couples  the  spatial  and  temporal  behavior,  resulting  in  richly  complex  dynamical  results. 

The  dynamics  of  nonlinear,  dispersive  optical  pulses  combining  the  effects  of  diffraction,  Kerr 
nonlinearity  and  group  velocity  dispersion  (GVD)  have  been  studied'^’^’®’^’^^  Very  different  behavior  occurs 
depending  upon  the  relative  sign  of  the  Kerr  nonlinearity  and  the  GVD.  In  most  studies,  a  positive  Ken- 
nonlinearity  is  assumed  and  combined  with  either  a  negative  (anomalous  dispersion)  or  a  positive  GVD 
(normal  dispersion).  For  the  anomalous  dispersion  region,  it  is  suggested  that  a  stable  light  bullet  forms®. 
The  situation  in  the  normal  dispersion  region  is  more  complex. 

In  the  normal  GVD  region,  the  pulse  is  broadened  along  the  time  axis  but  compressed  (positive  Ken- 
effect)  in  the  transverse  direction,  ibis  complex  interplay  leads  to  the  splitting  of  the  pulse  in  both  space 
and  time.  For  weak  GVD,  the  pulse  can  be  observed  numerically  to  achieve  a  high  degree  of  spatial 
compression  before  splitting  into  subpulses  (a  result  of  the  dispersion). 

Nonlinear  effects,  such  as  self-focusing,  may  be  responsible  for  some  of  the  experimental  observations 
for  laser  eye  damage To  determine  the  possible  effect  of  self-focusing  on  laser  propagation  in  the  eye, 
the  ABCD  matrix  method  was  used  in  a  calculation  of  the  spot  size  as  the  beam  propagated  in  ocular 
media'®.  The  nonlinearity  is  included  using  the  experimental  values  for  the  nonlinear  refractive  indices  for 
ocular  components.  It  was  observed  that  self-focusing  can  substantially  decrease  the  spot  size  and  increase 
laser  irradiance  at  the  retina. 

It  was  recently  proposed^  that  normal  group  velocity  dispersion  (GVD)  increases  the  peak  input 
power  required  for  two-dimensional  self-focusing  of  ultrashort  pulses.  Several  researchers  have  examined 
the  effects  of  weak  GVD  on  self-focusing  for  picosecond  (ps)  pulses  Normal  GVD  affects  self- 

focusing  by  spreading  the  pulse  along  the  propagation  direction.  Because  cross  sections  of  the  light  pulse 
differ  in  power,  those  possessing  powers  that  exceed  the  critical  power  self-focus  at  different  rates.  In  the 
absence  of  GVD  and  for  critical  power,  the  self-focusing  leads  to  a  singularity  and  critical  collapse 

The  situation  becomes  more  complex  if  the  incident  pulse  is  chirped  (i.e.  a  phase  is  added  to  the 
initial  condition).  This  chirp  can  be  spatial,  as  in  the  case  of  a  lens  in  the  beam  path  and/or  it  can  be 
temporal,  as  in  the  case  of  the  light  beam  produced  by  a  semiconductor  laser.  Several  groups  have  studied 
the  effects  of  the  interaction  of  nonlinearity,  GVD  and  diffraction  for  an  incident  chirped  Gaussian  pulse^^' 
It  was  found  that  the  critical  power  for  self-focusing  changes  quadratically  with  the  chirp  parameter. 
Numerical  studies  showed  that  for  chirped  pulses  propagating  in  the  anomalous  GVD  region,  the  self- 
focusing  can  be  enhanced  or  suppressed  depending  upon  the  value  and  sign  of  the  chirp  parameter.  In  the 
normal  dispersion  region,  studies  showed  that  an  initially  chirped  pulse  can  increase  the  peak  intensity  by 
competing  with  the  temporal  pulse  splitting.  However,  if  the  chirping  induces  a  temporal  compression, 
analytical  estimates  show  that  a  transverse  collapse  does  not  occur.  Yet  when  the  chirp  causes  the  pulse  to 
expand  in  the  time  domain  and  compress  in  the  transverse  domain,  the  chirping  generates  highly  peaked 
field  components. 

The  recent  advent  of  new  lasers  in  the  visible  and  near  infrared  spectral  regions,  with  pulse  durations 
down  to  several  femtoseconds  (fs),  requires  the  extension  of  the  study  of  spatiotemporal  dynamics  to  new 
realms.  As  pulse  durations  become  shorter,  the  dispersive  effects  of  the  light-matter  interaction  will  grow  in 
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importance*^’^^’^.  Most  studies  assumed  an  instanteous  (electronic)  Kerr  nonlinearity.  In  many  materials, 
the  Kerr  nonlinearity  consists  of  both  instantaneous  as  well  as  time-delayed  component  (i.e.  Raman  term). 
The  time-delayed  component  becomes  significant  for  ultrashort  temporal  pulses  and  has  been 
experimentally  observed  in  optical  fibers  where  it  manifests  itself  as  a  frequency  downshifting  of  the  pulse 
spectrum 

As  the  temporal  pulse  width  shortens,  higher-order  dispersive  effects  ,  beyond  the  GVD,  can  also 
contribute  to  the  interplay  of  spatiotemporal  dynamics.  These  effects  include  self-steepening  in  addition  to 
the  time-delayed  response.  In  this  paper  we  include  these  effects,  in  addition  to  GVD  and  diffi-action  in  a 
nonlinear  Kerr  medium,  and  investigate  the  relative  influence  and  depedence  on  physical  parameters,  such 
as  the  laser  temporal  and  spatial  width,  material  dispersion  .  These  effects  can  play  a  role  in  ultrashort  laser 
propagation  in  biological  media,  such  as  the  eye,  two-dimensional  waveguides,  and  in  bulk  media,  including 
solids,  liquids  and  gases. 

n.  THEORY 


A.  Derivation  of  the  propagating  field 


The  propagating  electromagnetic  field  is  given  by 


VxVxEh- 


1  d'^E 

de 


1 


=  0 


(1) 


where  E  is  the  electromagnetic  field  and  P  is  the  polarization  vector.  In  this  case  we  are  concerned  with 
the  effects  of  the  third-order  nonlinear  susceptibility,  .  Accordingly,  the  polarization  can  be  written  in 
terms  of  its  linear  (Pl)  and  nonlinear  (Pnl)  parts, 

P  =  Pl  +  Pnl  (2) 


P{x,y,z,  t)  =  £o  )E{x, y,z,t-t') 


(3) 


J1  11  )Eix,  y,  z,  f,  )E{x,  y,  z,  )E{x,  y,  z,  )dt^dt^dtj 

The  first  (second)  term  corresponds  to  Pl  (Pnl)-  The  nonlinear  part  of  the  polarization  can  be  written  in 
terms  of  the  dielectric  constant. 


PsL^r,  t)  =  0  (4) 

13 

where  Enl  is  the  nonlinear  contribution  to  the  dielectric  constant  and  is  defined  by 

e^j^=—X^^^xxxx\E\  (5) 
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The  frequency  dependent  dielectric  constant  is  defined  by 


e{,(o)  =  l  +  x^^\(o)  (6) 

where  is  the  Fourier  transform  of  X^^\0  The  real  and  imaginary  parts  of  e((jo)  are  related  to  the 

refractive  index  n(0))  and  the  absorption  coefficient  6c((o), 

e((o)  =  {n(co)  +  ia(co)c/2a>f  (7) 

We  write  the  electric  field  as  a  superposition  of  monochromatic  waves 

E(x,y,z,t)  =  £dty  (8) 


where  ^(x,y,z,(n)  is  the  Fourier  transform  of  E(x,y,z,t)  and  k((D)=n(®)  co/c. 
Assuming  Pnl  =  0,  the  linear  part  of  Eq.  (1)  reduces  to 

2 

V^E  +  £(co)—E  =  0 
c 

where 

VxVxE  =  V(V  •  E)  -  V'E  =  -V'£ 

in  agreement  with  previous  results.*^ 

We  define  the  operator 


where  is  the  radial  Laplacian 


VI 


il  Li. 

r  dr 


(9) 

(10) 


(11) 


(12) 


and  r  =  (x^  +  y^)*^^. 

The  third  order  susceptibility  is  written  as 


=  -  ^1  -  h  )^(^  -  h ) 


(13) 


In  the  frequency  domain,  the  propagation  of  the  field, including  the  nonlinear  part  becomes 

,2  O  .,(3) 

'_xx 

c  Ac^ 


V^E  +  e{(D)—E+^Li^(Q^^^E{co^)E{o}^)E\(o^+Q)^-co)R{co-(0,)e‘^d(o^do)^  =0  (14) 
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where  dJc  =  k{co^)+k[c02)- k{co^  +  and  R (co-coi )  is  the  Fourier  transform  of 

R(t-ti).  Expanding  k(co)  in  a  Taylor  series  about  cOo, 

k((o)  =  +  fc  (0?  -  6)n)  +  (n?  -(o.f  +  -  (oJ+. . , 


k{(0)  =  Ato  +  /:,  (fi)  -  tOo ) + )  +  ^^(6)  -  6)0 


k=^\ 

"  da" 


where  sgnCki),  sgn  (ks)  refers  to  the  sign  of  ka,  ka,  respectively.  The  normal  dispersion  region 
corresponds  to  ka  >  0  and  the  anomalous  dispersion  region  corresponds  to  ka  <  0.  For  notational 
simplicity,  we  will  omit  the  sgn  in  the  following  equations.  However  it  should  be  kept  in  mind  that  the 
physical  results  will  depend  upon  the  signs  of  the  dispersion  coefficients.  Defining  the  field  envelope 

A(r,z,m-£0o), 


A{r,z,(0-(0Q)  =—E{r,z,  (0}e 


i{k(0)-k^)z 


+  C.C. 


where  A(m)  is  the  Fourier  transform  of  A(t).  In  many  cases  the  absorption  is  small  compared  to  the  index 
of  refraction.  In  this  case,  a(m) « 1,  e{(o)  =  n{cdf  and  we  obtain. 


;  ^  I  _ Tl  _  ^  A  1 A  Zr  A  -L  ^2-  A  a-  A 


A, +)t,Act)  +— A(r,z,Afi)) 
dz  IkA  k,  )  ^  '  2  6  J 


3y(3) 

+-f^(0,{\  +  q,A(0) 

Sen. 


xjjA(r,z,Aa)dMr,z,A(02)A*ir,z,A(D^+Aco2-Aco)R{Ao)-A(addo)^d(02 


where  Am  =  m  —  tOg,  qo=i- 


and  n,  =  —  I  and  we  use  the  approximations 
n  ’  ^  da 


,  fl+— Ami  -1-— Am,  fl+— Ami  ~1-— Am 
dz^  °dlz  [K  K  I  «o  J  «o 
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The  time  domain  expression  is  obtained  using  the  inverse  Fourier  transform;  recalling  that 
(-/Ary)",  and  using  the  convolution  theorem,  f*g  =  \g{y)f{x-y)dy.  In  actuality  the  third 


order  susceptibility  is  complex  and  can  be  written  in  terms  of  its  real  and  imaginary  parts 


8n, 


(19) 


where  na  is  the  coefficient  of  the  nonlinear  index  of  refraction*^  and  aa  is  the  coefficient  for  two  photon 
absorption.  In  many  cases  the  two  photon  absorption  is  small  compared  to  the  nonlinear  index  of 
refraction  and  we  will  neglect  it.  (It  can  be  easily  incorporated.*^)  Using  these  parameters  Eq  (17) 
becomes 


-i 

[U 

1  2k,  ^  2  dt^ 

6  dd 

21<^dt 

A{r,z,t) 


(20) 


+70 


1  +  / 


n, 


oy<^j 


A(r,z,r)J \A(r,z,t-t')\  R(t')dt'  =  0 


where  .  The  sgnfna)  refers  to  the  sign  of  n2.  For  ni  >  0  self-focusing  can  occur;  for  na  <  0 

c 

self-defocusing  can  occur.  Again,  for  notational  simplicity,  we  will  omit  the  sgn  in  the  following  equations. 
However,  its  sign  can  determine  the  physical  situation. 

The  response  function,  R(t)  includes  both  the  electronic  (instantaneous)  and  vibrational  (time-delayed) 
terms. 


(21) 


where  f  is  the  fraction  of  the  response  that  is  instantaneous  and  h(t)  is  the  time  delayed  response  function.. 
The  nonlinear  term,  NLT  (i.e.  the  last  term  in  Eq  (20)  is  given  by 


NLT  =  rJ 


a)o  at 


A{r,z,t)\A{r,z,t)f 


(22) 
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In  many  physical  cases  of  interest,  the  incident  temporal  pulse  width  is  such  that  A(t-t')  does  not  differ  much 
from  A(t)  on  the  time  scale  of  the  response  function,  so  we  can  expand  \A{t  -  t')f  in  a  Taylor  series  about  t 


|A(^)f  =|A(41, +(J- o|-|A(C,+' 

=  \A(tf-t'^\A(,tf+ . 

where  s=t-t'.  Then  the  nonlinear  term  becomes 


(23) 


NLT=r, 


COq  dt 
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\A{r,z,tf  -t'-^\A{r,z,tf 
at 


w 


(24) 


defining  =  ^°t'R{t')dt' ,  Eq  (24)  becomes 

NLT  =  r^ 


Air,z,t) 
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L 

\A{r,z,t)f 
ocj 

Neglecting  second-order  derivatives  in  t,  Eq  (25)  becomes 

NLT  =  r„A\Af +i^j^(A\Af)- nT,A^\Af 


where  A=A(r,z,t).  Combining  Eqs.  (20)  and  (26)  we  obtain 
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It  is  convenient  to  write  Eq  (27)  in  the  foim 
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.dz  'dt. 


2h 


2  dt^ 


X  d^A 
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-,-44vi^.2:^|Ar|.,-2^A^^-r.V^  =  0 


2kl  dt 


(On 


B.  Scaling  and  Transformation 

We  assume  an  incident  pulse  of  the  form, 


-r'  -t^ 

A(r,0,t)  =  Ao  exp(— y)exp(— ) 

2<3o  2Tq 


(29) 


where  a©  is  the  spatial  beam  waist.  To  is  the  temporal  half-width  of  the  pulse  intensity  and  Ao^  is  the  peak 
incident  pulse  intensity. 

In  order  to  examine  the  physics  in  more  detail,  we  define  the  length  scales 

•  Ldf  =  Jtnoao^  /  Xo  Diffraction  Length 

Lnl  =  Ao  /  2jtn2  Ao'  Nonlinear  Length 

Lds2  =  To^  / 1^2  Second-Order  Dispersion  Length 

Lds3  =  To^  /  ks  Third-Order  Dispersion  Length 


As  the  length  scale  decreases  for  a  particular  effect,  the  more  dominant  it  becomes  relative  to  the  other 
effects.  Therefore,  if  Ldf  «  Lds,  the  dominant  effect  is  diffractive;  whereas,  if  Lds  «  Ldf  the  dominant 
effect  is  dispersive.  Similarly,  if  Lnl  «  Ldf  ,  the  effect  is  nonlinear. 

Assuming  the  nonlinear  diffractive  effect  is  dominant,  we  define  the  transformations 


To 


and  obtain  the  nondimensioned  equation 


4  ''  2  dr 


(30) 


(31) 


where 
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®o^o’ 


At- 


2<0o^o 


an(f  V^  = 


dp^ 


IZ 

p^p 


Each  coefficient  is  dimensionless  and  its  magnitude  determines  the  relative  importance  of  its  effect. 


m.  COMPARION  OF  COEFFICIENTS 

When  pulses  become  sufficiently  short  that  higher  order  dispersive  terms  cannot  be  neglected,  then  Eq. 
(31)  must  be  investigated.  In  order  to  examine  the  interaction  of  the  various  physical  properties,  it  is 
advantageous  to  express  the  coefficients  of  Eq.  (31)  in  physical  terms  (i.e.  pulse  width,  pulse  intensity, 
wavelength,  spatial  beam  waist  and  dispersion  coefficients).  In  many  physical  cases,  we  can  neglect  the 
frequency  dependence  of  n  and  obtain  qo  =1.  Then,  in  terms  of  the  input  parameters,  we  have 


iK'^aln^n^A^ 
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s= 


BtoiqTq 


(32) 

_  _  27r?ZpAt2QQ^ 

cXj^ 


_ _  Ik  nQn2CiQAQTii 

Xo% 

As  can  be  seen  from  Eq.  (32),  the  coefficients  a,  7, 5  correspond  to  linear  terms  and  are  coupled  to 
various  dispersion  coefficients  (i.e.  k2,  ks,  ki,  respectively).  The  coefficients  correspond  to 

nonlinear  terms  and  depend  upon  the  initial  pulse  intensity,  .  The  functional  dependences  of  some  of 
the  coefficients  is  given  in  the  following  figures.  Figure  1  shows  the  dependence  of  P  on  Ag,  Op,  .<4^.  For 

P  >  1,  we  have  nonlinearity  and  as  shown  in  Fig.  1  the  nonlinearity  depends  on  the  pulse  intensity. 
Additionally,  it  can  be  seen  from  Fig.  1,  that  for  a  given  intensity  and  wavelength,  the  problem  can  become 
linear  if  the  spatial  beam  waist,  ao,  gets  so  small  that  p  <  1.  Figure  2  shows  the  dependence  of  the  higher 
order  dispersion  term,  7  on  ii^,  ap,  Tp,  Ap.  In  this  case.  Fig.  2  shows  the  strong  dependence  of  this  term  with 
decreasing  temporal  pulse  width.  To.  It  also  shows  that  this  dispersion  term  is  dependent  on  the  spatial 
beam  waist.  TTie  dependence  of  the  other  coefficients  can  be  observed  from  Eq.  (32)  or  similar  plots  to 
Figs.  1  and  2.  However  numerical  methods  must  be  used  to  investigate  the  nonlinear  propagation.  This  is 
described  in  the  next  section. 


VI.  NUMERICAL  PROCEDURE 


We  use  the  non-dimensioned  equation  given  by 
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(33) 


’.d  If, 

dtj^  2dz^ 
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— i- - 


6  dx^ 
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Ge*^+efl 

dr  dt 
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1  ^  J 

}!2  =  0 
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CT  =  - 


-Ik 


The  numerical  solution  is  solved  in  the  form' 


29 


(34) 


=  (^05 + 


where  Dos.  Ddf,  and  N  are  operators  given  by 


(35) 


iy  5 


‘2  dr^  '  6dr^ 


^DF-  ^ 


(36) 


N  =  ap\i\Qf  -c 


'2Q-f.Q^ 

dt  dr 


-ir 


M 

^  dx 


Equation  (35)  can  be  solved  using  the  symmetric  split-step  method 


Q(^  +  A^)  =  e^  e  Q(g) 


(37) 
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where  the  exponential  operators  are  defined  by  their  Taylor  series  expansion.  The  problem  is  solved  in 
three  separate  parts.  The  linear  dispersion  operator,  Dos  is  solved  in  the  Fourier  domain  using  the  fast 
Fourier  transform  (FFT)  method.  The  nonlinear  operator,  N,  is  solved  in  the  time  domain  using  the 
trapezoid  rule  and  iterated  until  the  algorithm  converges, 


(38) 


where  the  first  iteration  N[Q(^+A^)]  is  set  equal  to  N[Q(^)]  to  obtain  a  guess  for  Q(^+A^)  which  is  used  for 
N[Q(^4-A^)]  and  the  process  is  repeated  until  convergence  is  reached.  The  terms  are  evaluated  using  a 
discrete  space  and  time  grid  given  by 


Therefore  Q(^,p,'^)-^Q(^n^Pp'^i)  =  Qy 


Then  the  nonlinear  operator  can  be  written  as 


N(,L)  =  ^P- 


—  iapz^ 


Q"* 


2q; 


^  2At 


+  (2; 


( o"  -O"  '' 
2At 


Qi+\.j  Qi-\.j 


2At 


+q; 


V,M,j  ^-Uj 

2At 


where  the  “leap  frog”  method  is  used  to  evaluate  the  derivatives. 

The  third  part  involves  solving  the  linear  diffraction  operator  Ddf,  which  is  equivalent  to 


(39) 


^  =  K(coWlQi^,  p,  CO)  (40) 
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where 


LA  iL 

p  dp  dp^  ’ 


and 


«:((»)  =  — (1- (70)). 
4 


(41) 


Equation  (40)  is  solved  using  the  finite  difference  scheme, 


and 


dQ_l\Q"jlr-QA  ^  AtlzAtL, 

dp  p;^,-P;_, 


(42) 


(43) 


and  using  the  Crank-Nicholson  scheme,  and  assuming  equal  spacing  in  p. 


d^Q  1 

dp-  2^ 

1 

h 

m"  J 

(44) 


Equqtions  (42)-(44)  are  used  in  Eq.  (40)  for  0  <  pj<  pnm-  Assuming  a  cylindrically  symmetric  system. 


at 


p  =  0 


Eq  (40)  becomes  (i.e.  j=0) 


(i+<^(to,))<2ro‘  -  mMT -m)Qu  =  o. 


(45) 


p(0),)  = 


2A^k(co,) 
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For  the  maximum  radial  value,  ie  p  =  Pmax  =  Pn.  Eq.  (40)  becomes 


KjCO,) 

^Pn(Pn  ~  Pw-l) 


(46) 


Using  Eqs.  (42)-(46),  Eq.  (40)  can  be  written  in  the  form 


(47) 


and  Hi  and  H2  are  tridiagonal  matrices.  The  matrix  Hi  is  composed  of  the  subdiagonal,  diagonal  and 
superdiagonal  elements. 
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0,..., 
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and  matrix  H2  is  composed  of  the  subdiagonal,  diagonal  and  superdiagonal  terms, 
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ij 


(49) 


We  can  solve  a  tridiagonal  system  for  each  angular  frequency,  cOi  or  construct  a  super-matrix  to  solve  for 
all  frequencies  simultaneously.  Using  these  three  methods,  Eq.(37)  is  used  to  numerically  propagate  the 
electromagnetic  field  in  the  nonlinear  dispersive  medium.  In  the  limiting  case  of  the  nonlinear 
Schroedinger  equation,  the  numerical  results  agree  well  with  analytic  solutions. 

The  effects  of  both  space  and  time  are  shown  in  the  following  figures.  Figure  3  shows  the  propagation 
of  the  nonlinear  pulse  for  self-focusing  without  dispersion  when  the  input  power  is  less  than  that  required 
for  collapse.  The  figure  shows  the  pulse  propagation  at  four  normalized  distances.  At  ^  =  0  the  incident 
pulse  is  displayed  in  space  and  time.  As  the  pulse  propagates  it  narrows  in  the  radial  direction  but  never 
completely  collapses  because  the  peak  power  is  insufficient  to  produce  collapse.  However,  as  shown  in 
Fig.  4,  if  the  incident  power  is  increased  above  the  critical  power  the  pulse  initially  narrows,  and  in  the 
limit  of  zero  dispersion,  eventually  collapses.  When  dispersion  is  introduced,  as  shown  in  Fig.  5,  the 
pulse  initially  narrows  and  then  splits  in  both  space  and  time  due  to  the  dispersion.  The  splitting  is  also 
apparent  in  the  spectrum  in  Fig.  6.  These  figures  illustrate  the  complex  behavior  of  3-D  spatiotemporal 
behavior.  As  the  pulse  narrows  its  intensity  increases  which  can  lead  to  damage  in  biological  systems, 
such  as  ocular  media.  Further  studies  will  investigate  the  effects  of  spatiotemporal  phenomena  on 
biological  systems. 
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FIGURE  CAPTIONS 

Fig.  1  The  dependence  of  the  nonlinear  coefficient  (j3)  on  wavelength  (Xo),  spatial  beam  waist  (ao),  and 
pulse  intensity  (A  o)- 

Fig.  2  The  dependence  of  higher  order  dispersion  (7)  on  temporal  pulse  width  (To),  spatial  beam  waist  (ao), 
dispersion  (ks)  and  wavelength  (Ao). 

Fig.  3  Pulse  propagation  as  a  function  of  distance  in  the  non-dispersion  case. 

Fig.  4  Pulse  propagation  as  a  function  of  distance  in  the  non-dispersion  case  for  peak  intensity  above  the 
critical  value. 

Fig.  5  Pulse  propagation  including  both  self-focusing  and  dispersion  effects. 

Fig.  6  The  spectra  corresponding  to  the  case  shown  in  Fig.  5. 
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Critical  Collapse  from  Self-Focusing 
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Introduction 

The  rapid  development  of  new  wireless  communication  and  data  transmission  systems  has  spurred 
the  application  of  new  dosimetric  techniques  where  exposure  fields  and  energy  absorption  rates  in 
exposed  biological  body  tissues  are  now  being  quantified  more  rapidly  and  accurately  than  ever 
before.  The  new  technology  has  been  particularly  valuable  in  allowing  researchers  to  improve 
their  experimental  methodology  and  safety  regulators  to  develop  a  better  rationale  for  exposure 
standards.  The  proximity  of  portable  wireless  transmitting  devices  to  the  body  of  the  user  has 
presented  some  complicated  problems  in  evaluating  the  exposure  of  biological  tissues  to  near 
fields,  the  quantification  of  highly  localized  specific  absorption  rate  energy  in  the  tissues  and  the 
design  of  in  vivo  and  in  vitro  exposure  systems  for  evaluating  the  biological  effects  of  such 
exposures. 

Figure  1  illustrates  the  quantities  and  units  used  for  guides  and  standards  pertaining  to  the 
exposure  of  humans  to  electromagnetic  fields.  The  guides  are  specified  in  terms  of  the  electric 
field  strength,  E,  expressed  in  units  of  volts  per  meter  (V/m);  the  magnetic  field  strength,  H, 
expressed  in  units  of  amperes  per  meter  (A/m)  and  power  density,  P,  expressed  units  of  milliwatts 
per  square  centimeter  (mW/cm^).  The  latter  may  be  obtained  for  a  radiation  field  through  a 
measurement  of  either  E  or  H  and  relating  the  quantity  to  power  density,  P,  by  the  equations 
shown  at  the  bottom  of  the  Figure.  These  equations  have  also  been  applied  to  near  zone  or  non¬ 
radiation  fields  with  the  understanding  that  the  calculated  result  is  an  "apparent"  or  "equivalent" 
power  density  rather  than  a  true  power  density. 

The  specific  absorption  rate  (SAR)  of  energy  in  exposed  tissue  expressed  in  units  of  watts  per 
kilogram  (W/kg),  rather  than  power  density,  is  the  most  important  dosimetric  quantity  for 
evaluating  exposure  to  wireless  devices.  SAR  can  be  used  as  a  meaningful  quantity  for  relating 
any  biological  effect  to  electromagnetic  fields.  The  SAR  is  a  measure  of  the  rate  of  absorbed 
energy  which  may  or  may  not  all  be  dissipated  as  heat.  If  other  mechanisms  of  interaction  are  at 
work  in  the  exposed  tissues,  some  fraction  of  the  SAR,  even  if  infinitesimal,  must  be  attributed  to 
this  interaction.  Thus,  the  use  of  the  quantity  SAR  does  not  imply  that  the  only  interaction 
mechanism  is  heat. 

If  one  is  to  use  the  biological  results  from  animal  experiments  for  assessing  the  biological 
consequences  of  human  exposure  in  order  to  establish  safe  levels  of  exposure,  simply  relating  the 
incident  energy  measured  with  a  survey  meter,  is  not  enough.  When  apphed  to  human  safety,  the 
quantities  that  are  related  to  thresholds  of  biological  effects  in  exposed  laboratory  animals  or  in 
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vitro  aninnal  cells  must  be  scaled  either  up  or  down  to  account  for  the  differences  in  human  shape 
and  size  as  indicated  in  Figure  2.  The  characteristics  of  energy  absorption  are  considerably 
different  in  animals  and  man  exposed  to  the  same  incident  energy,  r-  The  scattered  energy, 

Sjjjj.,  transmitted  energy,  Tjjj  j.,  and  reflected  energy  between  tissue  boundaries,  j,  vary 
markedly  as  a  function  of  the  wave  length,  exposed  body  size  and  shape,  the  exposed  body 
orientation  and  the  environment.  In  addition,  any  laboratory  instrumentation  in  contact  with  the 
tissues  of  the  animal  will  also  perturb  and  often  may  considerably  enhance  the  absorbed  energy  or 
SAR  in  the  tissues  of  the  exposed  subject.  Thus,  one  has  to  be  extremely  careful  and  be  cognizant 
of  the  pitfalls  of  using  instruments  within  the  exposure  field  because  the  wiring  between  the 
animal  and  the  instrumentation  wiU  also  absorb  electromagnetic  energy.  Extraneous  currents  are 
likely  to  be  induced  into  the  wires  which  can  produce  artifacts  and  lead  to  erroneous  conclusions  , 
about  the  effect  of  the  rf  fields  on  the  exposed  subject.  Instruments  used  in  the  presence  of  rf 
fields  require  very  careful  design.  In  order  to  relate  the  biological  effects  observed  in  the  exposed 
laboratory  animal  to  potential  effects  in  exposed  man,  one  has  to  quantify  the  fields  in  the  tissues. 
Since  the  SAR  has  been  the  easiest  quantity  to  measure  and  is  an  index  of  the  internal  electric 
field  strength,  its  use  has  been  widely  accepted.  The  SAR  quantity  has  been  defined  by  the 
National  Council  on  Radiation  Protection  and  Measurements  (NCRP)  as  an  important  quantity  for 
use  in  nonionizing  radiation  dosimetry  (NCRP,  1980).  One  should  understand  the  difference, 
however,  between  spatially  dependent  term,  SAR,  which  is  defined  for  a  point  in  the  tissue  and 
the  term,  average  SAR,  which  is  a  whole  body  average  of  the  SAR.  For  hand-held  cellular 
telephones,  the  former  is  more  important  since  the  energy  absorption  is  highly  localized,  resulting 
in  much  higher  SAR  at  the  surface  tissues  of  the  hand  and  head  than  the  whole  body-average 
SAR.  Thus  for  cellular  telephone  exposure,  we  are  concerned  mainly  with  methods  for 
quantifying  the  localized  SAR  distribution  in  the  head. 

SAR  distribution  in  head  of  cellular  telephone  user 


The  most  popular  and  frequently  used  method  for  quantifying  the  magnitude  and  distribution  of 
the  SAR  in  the  head  of  a  cellular  telephone  user  is  through  the  use  of  a  powerful  computer 
technique  called  the  finite  difference  time  domain  (FDTD)  method  .  The  FDTD  technique  utilizes 
as  input,  the  construction  details  including  the  RF  radiating  structure  and  excitation  parameters  of 
the  telephone  as  well  as  the  characteristics  of  the  exposed  body  and  its  dielectric  properties.  This 
information  is  then  fed  into  a  computer  and  Maxwell's  equations  are  solved  using  the  FDTD 
method.  The  result  is  a  detailed  3-dimensional  pattern  of  the  electric  and  magnetic  fields  and  the 
SAR  in  tissue  which  may  easily  be  visualized  by  standard  graphical  software.  Given  an 
electromagnetic  source  and  an  environment  containing  different  geometries  of  materials  or 
biological  tissues,  the  method  solves  Maxwell’s  equations  in  the  time  domain.  The  method 
separates  the  model,  for  this  case  the  human  head  and  shoulders,  into  more  than  a  million  small 
cells  or  elements  which  may  be  cubical  or  rectangular  shaped  solid  elements  with  sides  of  different 
dimensions.  Each  element  or  voxel  is  characterized  in  terms  of  tissue  type,  dielectric  properties 
and  density.  A  source  such  as  a  cellular  telephone  is  modeled  by  separating  it  into  voxels  of 
proper  conductivity  and  dielectric  properties  in  the  same  manner  as  used  for  the  human  subject 
and  is  placed  near  the  head  of  the  model  subject.  The  SAR  in  each  voxel  is  then  calculated  on  a 
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computer  by  stepping  through  short  time  intervals  until  the  solution  to  Maxwell’s  equations 
converges  to  a  steady  state  value.  There  are  a  number  of  papers  covering  the  application  of  the 
FDTD  technique  to  wireless  technology  in  a  recent  special  issue  of  the  IEEE  Transactions  on 
Microwave  Theory  and  Techniques  (IEEE,  1996).  Gandhi  (1995)  was  one  of  the  first  to  perfect 
such  a  model  for  the  case  of  evaluating  the  exposure  of  a  cellular  telephone  user  to  840-MHZ  to 
900-MHZ  rf  fields.  His  model  is  based  on  Magnetic  Resonance  Imaging  (MRI)  scans  of  a 
human  volunteer,  obtained  every  3  mm  from  the  top  of  the  head  to  the  feet,  providing  a  resolution 
of  about  2  mm  per  pixel  for  each  body  cross  sectional  slice..  Fig  3  shows  the  overall  view  of  one 
of  Gandhi’s  FDTD  scans  where  It  can  be  seen  that  most  of  the  energy  is  absorbed  in  the  ear, 
where  the  top  of  the  cellular  telephone  is  placed.  Some  energy  also  is  absorbed  in  the  brain,  but 
much  less  than  in  the  ear.  The  highest  tissue  SARs  found  m  the  analysis  of  eight  different 
cellular  telephones  approached  about  1.5  W/kg  specifically,  in  the  ear,  but  in  the  brain  itself,  the 
SAR  levels  were  down  to  0.4  W/kg.  This  value  is  consistent  with  the  analysis  by  Balzano  (1995) 
based  on  actual  measurements.  Gandhi  also  did  some  measurements  that  confirmed  his 
calculations.  On  the  other  hand,  Niels  Kuster  (1993),  using  the  same  model  as  Balzano,  measured 
SAR  values  well  over  1.5  W/kg  in  the  ear  and  brain  tissues  when  looking  at  the  highest  exposure 
scenario.  However,  to  obtain  these  higher  values,  Kuster  placed  the  cell  telephone  anterma  at 
distances  much  closer  to  the  model  head  (atypical  for  most  cell  phone  users)  than  used  by  Gandhi 
and  Balzano.  He  also  tested  a  phone  with  a  shorter  one  quarter  wavelength  long  antenna  (not 
used  in  the  United  States)  which  results  in  higher  SAR  near  the  base  of  the  antenna  This  issue  is 
one  that  has  to  be  resolved  through  agreement  on  antenna  types  and  locations  of  the  antenna 
relative  to  the  head,  typical  of  cellular  telephone  use. 

Simulation  of  human  exposure  to  cellular  phones  by  means  of  laboratory  animals 

Exposure  considerations  for  evaluating  possible  health  effects  of  human  exposure  to 
cellular  phones  are  quite  different  than  those  for  other  types  of  radio  sources  in  the  environment. 
Typical  exposures  to  radio  and  television  antennas,  microwave  dishes,  mobile  radios,  small  boat 
radars  and  marine  radios  involve  whole-body  illumination  at  a  distance  from  the  source.  In  such 
cases,  RF  energy  is  absorbed  at  all  locations  in  the  body,  with  peak  values  varying  on  the  order  of 
20  times  the  whole-body  average.  Exposure  standards  for  the  general  population  are  based  on  a 
large  body  of  research  data  involving  whole-body  exposure  of  laboratory  animals.  lEEE/ANSI 
(1991)  standards  for  the  general  population  in  uncontrolled  environments  limit  whole-body  SAR 
to  0.08  W/kg,  and  peak  SAR  to:  a)  1.6  W/kg  as  averaged  over  a  gram  of  tissue  for  the  head  and 
trunk  of  the  body;  and  b)  4.0  W/kg  as  averaged  over  any  10  grams  of  tissue  for  the  limbs.  Note 
that  the  peak  SAR  values  specified  are  derived  from  data  looking  at  significant  whole-body 
exposure  of  animals.  Currently  available  measurements  and  calculations  indicate  that  cellular 
phone  use  results  in  a  whole-body  SAR  of  less  than  0.00088  to  0.004  W/kg  in  humans,  with  a 
much  higher  1-gram  average  in  the  head  of  0.25  to  4.0  W/kg — a  ratio  of  head  to  whole-body 
absorption  as  high  as  1000:1.  Thus,  research  results  from  the  whole-body  exposures  described 
above  are  of  limited  relevance  to  the  assessment  of  cellular  telephones,  and  new  research  should 
be  based  on  exposure  paradigms  that  truly  duplicate  human  exposures.  Whole-body  average 
SAR,  or,  if  possible,  whole-head  average  SAR  and  peak  SAR  in  the  head  should  be  related  as 
closely  as  possible  to  human  exposure  to  cellular  phones  or  wireless  instruments. 
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A  typical  SAR  pattern  resulting  from  human  exposure  to  cellular  telephones  is  shown  in  Figure  4 
based  on  the  mathematically-simulated,  realistic  model  of  the  human  head  exposed  to  a 
mathematically-  simulated  cellular  telephone  discussed  above.  The  figure  illustrates  the  SAR  in  a 
horizontal  slice  (3  mm  thick)  of  the  head  through  the  ear  region,  where  the  SAR  was  maximum. 
The  peak  brain  surface  SAR  shown  in  Figure  1  is  0.4  mW/g,  and  the  calculated  peak  SAR  in  the 
ear  tissue  shown  is  approximately  1.5  W/kg  as  averaged  over  a  2  mm  x  2  mm  x  3  mm  voxel  (less 
than  a  gram  of  tissue). 

SAR  levels  and  patterns  vary  with  the  type  of  telephone  tested  (Gandhi,  1995).  For  various 
phone  models,  maximum  SAR  was  found  to  vary  between  0.96  and  4.03  W/kg,  with  the 
maximum  SAR  averaged  over  a  gram  of  ear  tissue  ranging  from  0. 16  to  0.69  W/kg.  Peak  SARs 
in  brain  tissue  varied  between  0.31  and  1.99  W/kg  as  averaged  over  a  voxel  and  0.10  to  0.41 
W/kg  as  averaged  over  a  gram.  The  corresponding  whole-body  average  SAR  for  the  exposure 
depicted  in  Figure  3  was  0.00081  -  0.00235  W/kg.  Kuster  et  al.  (1993)  have  measured  peak 
SARs  as  high  as  3.6  W/kg  averaged  over  a  gram  of  tissue  in  an  exposed  phantom  head  model 
Generally  the  ratio  of  peak  to  whole-body  average  SAR  will  increase  with  increasing  frequency  as 
a  result  of  the  decreasing  depth  of  penetration  of  the  incident  energy  from  rf  sources. 

In  examining  Figure  3  and  comparing  it  with  results  obtained  from  conventional,  whole-body  in 
vivo  exposure  systems,  it  becomes  increasingly  clear  that  a  highly  localized,  head-only  exposure 
system  is  required  for  any  in  vivo  exposure  systems  used  to  simulate  human  exposure  to  cellular 
telephones.  For  example,  the  literature  indicates  that,  for  whole-body  exposures,  whole-body 
SAR  will  be  70  to  100%  of  the  peak  values  in  the  head.  Thus,  if  we  expose  the  entire  body  of  a 
rat  to  levels  that  produce  SARs  in  the  brain  that  are  roughly  equal  to  those  experienced  by  a 
person,  the  rat  would  be  subjected  to  a  whole-body  average  SAR  as  high  as  4  W/kg.  This 
represents  a  total,  whole-body  absorption  of  1.2  watts— roughly  twice  the  power  available  from  a 
cellular  telephone  operating  at  maximum  power.  Many  well-documented  experiments  have 
shown  that  whole-body  exposure  at  this  level  will  cause  deleterious  effects  in  exposed  animals 
from  thermal  loading.  Thus,  a  whole-body  exposure  will  not  produce  a  valid  duplication  of  the 
low-level  exposures  from  cellular  telephones. 

Basic  design  of  animal  head  only  exposure  system 

A  number  of  approaches  for  generating  exposures  in  small  animals  that  are  roughly  analogous  to 
human  exposures  are  available.  One  option  is  a  miniaturized  or  scaled-down  cellular  telephone 
antenna  placed  near  the  head  of  the  animal,  with  the  frequency  proportionately  scaled  up  to 
provide  the  same  current  distribution  on  the  antenna.  It  has  been  shown  (Balzano  et  al.,  1995) 
that  it  is  the  magnetic  field  related  to  the  axial  electric  field  or  the  current  along  the  antenna  which 
is  primarily  responsible  for  the  SAR  in  the  exposed  tissues  of  the  head.  The  radial  electric  field, 
proportional  to  the  charge  distribution  along  the  antenna,  contributes  very  little  to  the  tissue  SAR. 
Since  the  length  of  a  typical  cellular  telephone  antenna  is  close  to  one-half  wavelength,  the  current 
is  generally  high  at  its  midpoint.  For  a  scaled-down  antenna  at  the  same  frequency,  however,  this 
current  would  be  greatly  reduced,  while  the  charge  would  be  significantly  increased.  This 
situation  results  in  a  much  lower  magnetic  field  and  a  higher  ratio  between  the  radial  and  the  axial 
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electric  fields. 

Another  option  is  a  small  magnetic  loop  placed  near  the  head  of  the  animal  For  the  loop  system, 
a  high  current  and  associated  magnetic  field  could  be  maintained  regardless  of  how  much  the  loop 
is  reduced  in  size.  It  is  intuitively  clear  that  the  surface  area  of  the  localized  exposure  can  be 
controlled  by  changing  the  size  of  the  loop,  and  the  SAR  gradient  penetrating  into  the  head  can  be 
controlled  by  changing  the  distance  of  the  loop  from  the  head. 

In  addition  to  the  work  done  by  other  investigators,  for  illustrative  purposes,  the  author  employed 
a  crude  rat  model  with  an  ellipsoidal  volume  of  brain,  surrounded  by  a  thin  shell  of  bone  to 
simulate  the  skull  of  the  animal.  The  SAR  distribution  was  calculated  by  means  of  the  admittance, 
computer  numerical  model  (Armitage  et  al.,  1983)  which  is  valid  when  the  size  of  the  source  and 
target  are  small  compared  to  a  wavelength.  Though  the  conditions  are  marginal  for  this  case,  it 
was  felt  that  the  results  would  be  qualitative  enough  to  illustrate  the  point  that  loop  source  could 
produce  the  desired  localized  SAR  distribution.  To  simplify  the  model  the  simulated  bone  shell 
was  placed  to  surround  the  entire  ellipsoid.  Since  the  exposure  is  highly  localized  at  the  head,  the 
rest  of  the  simulated  body  has  very  little  effect  on  the  calculated  SAR  pattern.  The  small  current 
loop  produced  an  SAR  distribution  that  varied  as  expected  with  the  size  and  spacing  of  the  loop. 

Figure  4  iQustrates  the  highly  localized  SAR  pattern  calculated  for  a  very  small  loop  placed  close 
to  the  head.  This  pattern  is  too  localized  to  simulate  the  SAR  distribution  from  human  exposure 
to  cellular  phones.  By  increasing  the  size  and  spacing  of  the  loop,  however,  the  calculated  results 
graphed  in  Figure  5  does  begin  to  mimic  more  closely  the  size  and  shape  of  the  SAR  pattern  from 
human  exposure  to  cellular  telephones. 


Exposure  of  biological  cell  in  vitro  preparations  to  simulate  human  exposure  to  cellular 
telephones 

In  exposures  of  in  vitro  preparations  to  rf  fields,  it  is  desirable  to  maintain  as  uniform  SAR  as 
possible  while  keeping  the  temperature  and  environment  conditions  under  precise  control  to 
prevent  artifactual  electrical  and  thermal  “hotspots”  from  developing.  In  the  past,  a  coimnon 
exposure  system  frequently  consisted  of  an  rf  radiation  source,  usually  a  microwave  horn,  to 
expose  cells  cultured  in  ordinary  culture  dishes  or  flasks  suspended  in  free  space  or  an  anechoic 
chamber  in  front  of  the  radiator..  Because  the  flasks  were  exposed  in  free  space  to  a  radiating 
field,  the  SAR  was  fairly  nonuniform,  and  was  highly  dependent  on  the  size  and  shape  of 
containers,  sharp  discontinuities  between  the  ceU  medium  and  air,  and  the  polarization  of  the 
incident  radiation.  If  not  carefully  controlled,  this  type  of  exposure  can  result  in  RF  “hot-spots”  in 
the  medium.  The  SAR  in  the  exposed  cells  and  medium  is  highly  dependent  on  the  container 
shape,  size  and  orientation. 

Standard  containers  in  air  or  liquid  exposed  in  a  TEM  cell 

CeU  culture  dishes  or  flasks  may  be  exposed  to  RF  radiation  in  a  transverse  electromagnetic 
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(TEM)  cell.  TEM  cells  provide  exposure  conditions  most  similar  to  the  free-space  environment 
and  have  thus  been  widely  used  in  the  past  for  these  types  of  exposures.  The  TEM  cell  is  able  to 
simulate  free  space  exposures  in  a  relatively  small  space  with  considerably  less  power 
requirements.  Also  its  design  facilitates  efficient  forced  air  cooling.  Figure  6.  Illustrates  an 
example  of  a  TEM  cell  design.  It  consists  of  a  rectangular  cylinder  containing  a  metal  septum 
midway  between  the  lower  and  upper  walls  of  the  cylinder.  A  coaxial  connector  is  connected  at 
one  end  so  that  the  inner  conductor  tapers  gradually  from  the  round  coaxial  center  conductor  to  a 
broad  flat  plate  that  forms  the  septum  and  the  outer  conductor  is  tapered  from  the  cylindrical 
shape  of  the  outer  conductor  or  the  coaxial  connector  to  the  rectangular  shape  or  the  cylinder 
walls.  The  opposite  end  of  the  rectangular  cylinder  and  septum  tapers  down  to  a  similar  coaxial 
connector  where  a  perfectly  absorbing  load  can  be  attached  to  prevent  any  reflections  from 
disturbing  the  field  in  the  TEM  cell.  Since  the  TEM  cell  simulates  free  space  radiation  conditions 
in  the  region  midway  between  the  center  septum  and  upper  and  lower  walls,  all  of  the  polarization 
effects  for  free  space  radiation  also  apply  to  this  method  of  exposure.  However,  if  the  exposed 
object  is  placed  close  to  the  septum  or  the  upper  and  lower  walls,  the  close  proximity  of  its  image 
to  the  near-by  conducting  surface  will  result  in  a  different  SAR  pattern  than  that  for  free  space. 
For  a  given  frequency,  the  internal  dimensions  of  the  TEM  cell  cannot  exceed  certain  limits 
without  the  introduction  of  higher-order  modes  of  transmission.  These  modes  can  change  the 
internal  fields  so  they  no  longer  resemble  free  space  radiation  fields.  The  height  and  width  of  the 
TEM  cell  should  be  less  than  one-half  the  wavelength  of  the  highest  frequency  to  be  used.  With 
careful  design,  however,  a  relatively  pure  TEM  wave  may  be  maintained  in  a  larger  TEM  ceU  if  no 
discontinuities  are  introduced  that  excite  the  higher- order  modes.  Since  minimizing  the  energy 
coupling  to  an  exposed  body  also  minimizes  the  discontinuity  caused  by  the  body  s  presence,  it 
may  be  possible  to  expose  flask  configurations  with  the  low  energy  coupling  polarizations.  The 
author  conducted  an  FDTD  analysis  of  the  SAR  patterns  in  the  culture  medium  for  different  flask 
orientations.  Figure  7  illustrates  the  SAR  pattern  in  the  bottom  layer  of  a  2x2x0.25cm  rectangular 
culture  medium  exposed  in  the  TEM  cell  shown  in  Figure  6  to  a  polarization  where  the  x-axis  is 
parallel  to  the  broad  face  and  perpendicular  the  long  axis  of  the  TEM  cell,  the  y-axis  is  parallel  to 
the  narrow  face  and  perpendicular  to  the  long  axis  of  the  TEM  cell,  and  the  z  axis  is  parallel  to  the 
direction  of  propagation  along  the  long  axis  of  the  TEM  ceU.  Thus  the  culture  medium  is  located 
midway  between  the  septum  and  the  upper  wall  and  oriented  with  its  broad  face  perpendicular  to 
the  direction  of  propagation  of  the  rf  energy  along  the  long  axis  of  the  TEM  cell.  For  numerical 
analysis  of  the  SAR  pattern  using  the  FDTD  method,  the  culture  medium  was  divided  up  into 
13,000  cubes  (voxels),  with  dimensions  of  0.4  mm.  A  histogram  and  table  of  statistics  for  the 
SAR  calculated  for  the  2601  voxels  representing  the  bottom  layer  of  the  culture  medium  is  shown 
in  Figure  8.  The  coupling  is  fairly  efficient  for  this  orientation  with  a  mean  of  21.8  W/kg  and  a 
peak  of  95.8  W/kg  at  the  comers  of  the  culture  medium  for  10  watts  input  to  the  TEM  cell.  The 
SAR  distribution  is  very  nonuniform  for  this  case.  When  the  culture  medium  was  exposed 
midway  between  the  septum  and  the  upper  wall  while  oriented  with  its  broad  face  parallel  to  the 
broad  face  of  the  septum,  the  distribution  shovm  in  Figure  9  and  histogram  and  table  of  statistics 
shown  in  Figure  10  were  obtained.  Here  the  SAR  is  much  less,  with  a  mean  of  only  0.252  and  a 
peak  of  1.96  W/kg.  For  this  case  the  SAR  distribution  is  quite  uniform  except  near  the  outer 
edges  of  the  culture  medium .  Figures  11  and  12  show  the  results  of  the  SAR  analysis  for  the 
case  where  the  culture  medium  used  in  the  previous  exposure  is  lowered  to  set  down  on  top  of 
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the  septum.  The  resulting  SAR  is  again  quite  low  but  the  pattern  is  quite  nonuniform  because  of 
the  effect  of  the  image  of  the  culture  medium  in  the  metallic  septum  of  the  TEM  cell. 

In  order  to  ensure  that  appropriate  SAR  levels  are  utilized  for  in  vitro  exposures,  it  is  important 
to  know  the  highest  levels  of  SAR  to  which  humans  are  exposed  when  using  a  portable  cellular 
telephone.  Although  a  large  amount  of  data  is  becoming  available  from  theoretical  calculations 
and  experimental  measurements  of  SAR  in  models  of  the  human  head,  there  is  a  great  deal  of 
disagreement  in  reported  values.  Peak  values  of  SAR  are  usually  expressed  in  terms  of  averages 
over  a  gram  of  tissue  in  the  shape  of  a  cube,  averages  over  a  voxel  (3-dimensional  cube)  in  a 
computer  model,  or  an  average  over  the  volume  occupied  by  a  field  sensor.  None  of  these  truly 
provide  the  SAR  as  averaged  over  a  single  cell,  which  is  the  ideal  value  for  setting  in  vitro 
exposure  levels. 

Of  the  data  available,  peak  values  of  SAR  associated  with  the  smallest  voxels  (2  mm  x  2  mm  x  3 
mm)  used  for  theoretical  FDTD  studies  of  the  exposed  head — once  validated  by  experimental 
measurements — wfll  probably  provide  the  most  accurate  estimate  of  exposure  at  the  cellular  level. 
Reported  values  range  from  1.06  to  1.99  W/kg  in  brain  tissue  and  as  high  as  4.8  W/kg  in  other 
tissues.  Although  these  numbers  are  an  average  over  a  volume  much  larger  than  a  cell,  there  is 
probably  not  much  variation  of  SAR  throughout  a  single  voxel  (12  mm^  volume)  at  the 
frequencies  of  current-  and  future-generation  wireless  communications  systems.  Based  on  the 
highest  reported  voxel  SAR,  therefore,  a  typical  cell  might  be  exposed  to  SAR  as  high  as  2  W/kg 
in  the  brain  and  as  high  as  5  W/kg  in  other  tissues. 

A  number  of  arguments  and  rationales  have  been  raised  for  exposing  in  vitro  samples  above  the 
value  of  5  W/kg.  Some  favor  increasing  the  exposure  to  the  point  where  an  effect  is  seen,  and 
then  decreasing  the  exposure  level  until  the  effect  disappears.  Others  favor  exposing  at  the  5 
W/kg  level  and  at  levels  ten  times  above  and  ten  times  below  that  value,  in  order  to  encompass  aU 
possible  responses.  It  has  been  suggested  by  some  investigators  that  a  study  will  only  provide 
useful  information  if  some  kind  of  quantifiable  response  is  evoked;  however,  the  only  known 
quantifiable  effects  seen  at  these  frequencies  are  related  to  high  levels  of  exposure  which  produce 
heating.  These  types  of  thermal  effects  are  not  likely  from  exposure  to  cellular  phones. 


It  is  apparent  from  these  results  that  exposures  with  relative  uniform  SAR  distributions  are 
possible  within  the  TEM  ceU  but  considerable  input  powers  will  be  necessary  to  bring  SAR  levels 
up  to  the  maximum  desired  levels  of  5  W/kg  and  above  and  cells  must  be  restricted  from  the 
comers  and  restrained  to  the  broad  bottoms  of  the  culture  flasks  to  prevent  them  from  being  in 
nonuniform  SAR  and  hot  spots. 
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midway  between  the  septum  and  upper  wall 

9.  Calculated  SAR  distribution  in  bottom  layer  of  rectangular  culture  medium  exposed  in  a  TEM 
cell  with  bottom  of  vessel  placed  on  the  septum. 

10.  Histogram  and  table  of  statistics  of  calculated  SAR  distribution  in  bottom  layer  of  2601 
voxels  in  rectangular  culture  medium  exposed  in  a  TEM  with  bottom  of  vessel  placed  on  the 
septum. 
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HISTOGRAM  OF  SAR  IN  EXPOSED  CULTURE  FLASK  TEMC20  (2cm 
square  flask  placed  with  broad  face  perpendicular  to  propagating  wave) 

(bottom  layer) 


lO 

o 

ID 

o 

lO 

o 

in 

o 

m 

o 

in 

o 

Lf>’ 

O 

in 

o 

in 

CM 

CM 

CO 

CO 

in 

m 

CD^ 

CD 

CX) 

00 

CD 

a> 

o 

uo 

o' 

in 

in 

o' 

in 

o"^ 

in 

cS 

in 

o'^ 

LO 

o 

■r” 

T — 

c^ 

CO 

CO 

in 

CD 

CD^ 

00 

00 

o 

SAR  (W/kg) 


STATISTICS 


Std.  Dev.:  Std.  Error:  Variance:  Coef.  Var.:  Count: 


21.795 

6.178 

.121 

38.165 

28.345 

2601 

Minimum: 

Maximum: 

Range: 

Sum: 

Sum  Squared: 

#  Missing: 

6.886 

95.822 

88.936 

56687.684 

1334711.8 

0 

x-axis 
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NUMBER  OF  VOXELS 


HISTOGRAM  OF  SAR  IN  EXPOSED  CULTURE  FLASK  TEMC3  (2cm 
square  flask  suspended  midway  between  septum  and  upper  plate) 

(bottom  layer) 
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DEPENDENCE  OF  RETINAL  MODEL  RESULTS  ON  BEAM  SHAPE  AND 
ABSORPTION  COEFFICIENTS.  D.  E.  Freund,  The  Johns  Hopkins  University 
Applied  Physics  Laboratory,  Laurel,  MD  20723 

The  determination  of  permissible  levels  of  ocular  exposure  to  laser  light 
sources  requires  an  understanding  of  the  interaction  of  laser  light  with 
biological  tissue.  To  address  this  issue,  calculations  are  performed  that 
compare  retinal  temperature  increases  resulting  from  exposure  to  uniform 
rectangular  and  circularly  symmetric  Gaussian  beam  sources;  the  effects  of 
absorption  coefficients  is  also  investigated.  Since  most  optical  absorption 
occurs  in  the  retinal  pigment  epithelium  (RPE),  it  is  modeled  as  a  thin 
homogeneous  absorbing  sheet  that  is  embedded  in  the  fundus  which,  in  turn, 
is  modeled  as  a  homogeneous  medium  having  the  thermal  and  optical 
properties  of  water.  The  RPE  is  also  assumed  to  have  the  thermal  properties 
of  water,  while  its  optical  properties  are  taken  from  a  range  of  values  reported 
for  humans  and  pigmented  rabbits.  The  change  in  temperature  within  the 
ftmdus  is  obtained  as  a  function  of  time  by  integrating  the  beam  source  with 
the  fundamental  Green's  function  solution  to  the  heat  diffusion  equation. 
For  moderate  exposure  times,  temperature  histories  on  the  beam  axis  at  a 
point  just  inside  the  retina  are  computed.  The  results  indicate  that 
temperature  histories  for  rectangular  and  Gaussian  beam  sources  have 
similar  profiles.  It  is  found  numerically  that  the  ratio  of  the  temperature 
increases  from  the  two  different  beam  profiles  is  insensitive  to  the  value  of 
the  absorption  coefficient.  It  is  also  foimd  analytically  that  the  ratio  of  the 
temperature  time  derivatives  is  independent  of  absorption  coefficient. 
Finally,  in  general,  high  (low)  aspect  ratio  rectangular  beams  cause  smaller 
(greater)  temperature  increases  than  a  corresponding  equal  power  Gaussian 
beam. 

Supported  by  the  U.S.  Army  and  by  U.  S.  Navy  Contract  N00039-95-C-0002. 
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Dependence  of  Retinal  Model  Temperature  Calculations 
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Retinal  Thermal  Model 
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Theoretical  Expression  for  Temperature 


Heat  diffusion 
equation: 


Boundary  and 
initial  conditions: 


Infinite  domain 
Green  Function: 
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Temperature  Rise  for  a  SOOjam  x  2000jLim 


Rectangular  Beam  ( - )  and  an 

Equal  Power  Gaussian  Beam  (----) 
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max 


Maximum  Temperature  Rise  for  Equal  Power 
Square  ( - )  and  Gaussian  ( - )  Beams 


Height  of  Square  Beam:  2b  (|xm) 
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Heat  Diffusion  Equation  for  a  Homogeneous 


^  (N 


(M 


^  "cd 
(U  TO 

■+e 


^  (N 

(N  ^ 


Ph  a 


CO  S 

S  s 

^  cd 


Id 

a;  3- 


g  CD 

^  S 

a  s 
S  'o 
R  !> 


QJ 


Ph  a 


cd  ci-H 
;h  o 


a  h-3 

a  cd 


m 

•  r^ 

%-i 

CD 
•  1^ 

bX) 

CO 

;h 

(D 

Cd 

o 

0) 

cd 

cd 

o 

402 


Ratios  of  Time  Derivatives  of  Temperature  for 
Rectangular  and  Gaussian  Beams 
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where  y  =  b/a{b>a)  and  r]  =  al 24Kt. 


Ratio  of  Time  Derivatives  for  Equal  Power 
Rectangular  and  Gaussian  Beams 
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Maximum  Temperature  Rise  for  Equai  Power 
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Infrared  Lasers  &  Millimeter  Waves 
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Murray  Hill,  NJ 


Standardization  Activities  in  the  USA 
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Institute  of  Electrical  and  Electronics 
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History  of  RF/Microwave  Exposure  Standards 


1966  ANSI  C95.1 -1966  approved 

•  100  W/m^  -  thermal  model 

•  10  MHz  to  100  GHz 


History  of  RF/Microwave  Exposure  Standards 

in  the  US  (ANSVIEEE) 


•  i-requency  dependent  -  single  tier 

•  Based  on  threshold  SAR  for  behavioral 
disruption 


History  of  RF/Microwave  Exposure  Standards 

in  the  US  (ANSVIEEE) 
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History  of  RF/Microwave  Exposure  Standards 

in  the  US  (ANSVIEEE) 
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necessity  tor  two  tiers 


IEEE  SCC-28  Standard-Setting  Process 
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IEEE  Standard  for  Safety  Levels  with  Respect  to  Human 
Exposure  to  Radio  Frequency  Electromagnetic  Fields, 

3  kHz  to  300  GHz  -  C95.1-1991 
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Basis  for  Laser  Standard  Development  and  Revision 

M.  L.  Wolbarsht 
Duke  University 
Durham,  NC  27708 

ABSTRACT 

As  increasingly  more  applications  of  lasers  are  formulated,  the  gaps 
in  our  quantitative  data  base  of  biological  data  are  highlighted.  In 
the  past,  just  as  now,  research  is  tied  to  the  need  for  safety  data 
for  specific  applications.  All  too  often  in  the  past  ambiguity  or 
large  disjunctions  in  the  expression  of  the  safety  limits  were  ignored 
because  "nobody  uses  a  laser  here  an3^ay" .  Such  a  cavalier  attitude 
is  rarely  possibly  anjnnore  as  lasers  are  at  all  wavelengths  and  pulse 
durations,  even  as  in  the  ultrashort  pulse  range  where  only  guidelines 
have  been  offered  to  date  due  to  lack  of  quantitative  experimental 
information.  As  the  gaps  in  our  information  are  filled,  another 
problem  arises.  The  original  formulation  of  the  safety  limits  was 
intended  more  as  a  backup  for  the  classification  scheme,  and  there 
were  only  a  few  lasers  to  classify.  As  only  a  relatively  few  experts 
used  the  safety  boundary  equations  either  to  classify  new  lasers  or  to 
deal  with  applications  not  easily  covered  by  standard  classification 
schemes,  the  mathematical  formulations  of  the  boundary  conditions  were 
not  clearly  stated  and  required  cumbersome  calculations  and  references 
to  several  tables  before  any  correct  answer  could  be  determined.  The 
next  revision  of  the  ACGIH  and  ANSI  dociiments  will  embody  some  changes 
intended  to  simplify  the  calculations  and  make  them  more  rational. 
Some  examples  are  the  use  of  dimensionally  correct  equations  and 
decimal  exponents , 
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Where  do  standards  cone  from? 

All  standards  are  are  derived  from  the  same  set  of  biological  data, 
although  they  may  differ  to  some  extent  from  each  other.  The  original 
ANSI  Z-136.1  in  1976  was  the  first  large  scale  examination  of  all  the 
biological  data  available  by  a  diverse  team  of  experts  to  arrive  at  a 
consensus  on  the  exposure  boundaries  for  all  wavelengths  and  exposure 
durations .  Subsequent  formulations  have  revised  the  exposure  limits 
by  taking  account  of  new  data  or  new  conceptions  (or  in  some  cases 
misconceptions)  of  the  old  data.  The  standards  also  differ  based  on 
their  revision  schedules.  For  example.  The  ANSI  Z-136.1  standard  is 
revised  on  a  5-7  year  cycle  and  the  ACGIH  on  a  yearly  basis.  On  the 
other  hand,  the  Federal  Standard  from  the  FDA  CDRH  has  only  been 
revised  once  since  its  original  issue  in  1976,  although  many 
individual  variances  have  been  granted.  Thus,  the  best  and  most  up  to 
date  guide  to  the  exposure  limits  themselves  is  the  latest  ACGIH 
publication.  It  points  the  way  to  the  ANSI  revisions  which  follow, 
and  to  the  variances  from  the  FDA  CDRH.  The  ANSI  revision  cycle  has 
been  recently  been  accelerated  by  the  standards  aimed  at  specialized 
user  groups,  such  as  optical  fiber  communications  and  health  care. 
These  ANSI  standards  are  issued  in  between  the  revisions  to  Z-136.1 
and  may  contain  revised  exposure  conditions. 

The  exposure  limits,  and  especially  the  classification  schemes  derived 
from  them,  as  given  in  most  international  standards  must  be  viewed 
with  caution.  The  committee  members  from  the  various  countries  have 
rarely  had  any  contact  with  the  experimental  programs  that  produced 
the  exposure  limit  data.  On  the  other  hand,  they  frequently  have 
political  and  commercial  agendas  behind  their  votes  for  or  against 
certain  exposure  limit  formulations. 

To  a  large  extent,  the  collection  of  data  on  laser  injury  thresholds 
has  been  designed  to  find  only  one  value,  the  LD50-  This  type  of 
experimental  design  is  a  carry  over  from  toxicology  research  in  which 
lethal  doses  of  compounds  are  sought.  It  is  not  as  appropriate  in  the 
laser  damage  threshold  field.  Here,  the  data  is  more  useful  if  the 
the  slope  of  the  regression  line  fitted  to  all  other  probabilities  of 
damage  is  also  known.  This  line  also  determines  the  LD50  value. 
However,  experiments  should  be  designed  to  locate  the  LD20  hDgO 
values  as  they  give  much  higher  confidence  levels  for  the  slope  and 
location  of  the  regression  line  (Finney,  1947).  The  slope  of  the 
regression  line  also  gives  some  insight  into  the  type  of  tissue  damage 
mechanism.  When  the  slopes  are  different  in  different  parts  of  the 
spectrum  or  for  different  exposure  durations,  then  it  is  likely  that 
the  damage  mechanisms  are  also  different. 

Formerly,  the  animal  threshold  data  was  checked  against  human  data 
from  volunteers  and  accidents.  Such  data  is  rarely  available  today. 
The  types  of  ocular  problems  which  formerly  required  enucleation,  or 
removal ,  of  the  eye  which  allowed  damaging  level  laser  exposures 
before  the  operation  are  now  treated  in  other  ways .  The  niimber  of 
laser  accidents  is  certainly  rising,  unfortunately  the  data  from  those 


430 


stdrevm.baf/MSS .  97 


31  March  1997 


Page 


occurring  in  the  United  States  is  rarely  available  for  comparison  due 
to  litigation  associated  with  the  accidents. 

There  are  many  theories  of  laser  injury  and  almost  as  many  experiments 
to  test  them.  The  retina  and  other  specific  damage  sites  have  complex 
anatomical  features  and  usually  involve  more  complex  pathological 
reactions  to  the  laser  exposure.  The  injury  reactions  may  be 
dependant  also  on  laser  wavelength  and  pulse  duration,  and  even  the 
extent  of  the  exposed  area.  In  spite  of  this  background  knowledge, 
the  exposure  limits  are  derived  from  empirical  curve  fitting  to  the 
experimental  data.  The  theories  are  used  for  extrapolation  and 
guidance  in  regions  where  there  is  no  data.  However,  it  must  be 
emphasized  that  the  vast  majority  of  the  MPE's,  and  etc.  are  related 
to  curve  fitting  of  available  injury  data.  The  exposure  limits  also 
reflect  some  concern  about  reasonable  usage.  Medical  applications  and 
other  unusual  exposure  conditions  may  require  more  restrictive 
exposure  limits  due  to  the  artificial  ocular  conditions  or  to 
prolonged  or  chronic  viewing. 


Revisions 


The  frequent  revisions  are  made  necessary  by  the  need  to  modify  the 
various  discontinuities  that  are  found  to  impact  on  new  applications 
or  new  laser  types.  Sometimes  there  is  a  bit  of  luck  and  new  data 
becomes  available.  A  good  example  of  that  is  the  report  on  a  program 
to  find  the  injury  thresholds  near  1,500  nm  presented  at  this  meeting 
by  the  Army  research  group  at  Brooks  Air  Force  Base  (Zuclich  et.  al., 
1997).  Reinterpretation  of  older  data  sometimes  is  useful,  as  in  the 
case  of  infrared  cataracts  (Wolbarsht,  1997) 

Points  that  were  filled  in  by  extrapolation  are  reasons  for  revision 
when  new  data  shows  that  the  rationale  for  extrapolation  was  in  error. 
Recent  data  from  ultrafast  pulse  program  of  the  Air  Force  group  at 
Brooks  Air  Force  Base  (Rockwell  et.  al.,  1997)  suggests  that  the  ANSI 
guidelines  for  pulses  shorter  than  1  ns  may  be  set  much  too  high.  If 
the  planned  future  experiments  yield  consistent  results,  these  data 
would  be  the  basis  for  revision  of  the  exposure  limits  in  this  region. 

One  of  the  best  recent  examples  of  new  data  leading  to  a  revision  is 
connected  with  the  limiting  angular  subtense  of  the  source  alphamixi? 
^min-  correction  factor  Cg  uses  amin  as  the  limiting  value  for 
source  size.  The  value  of  time  dependent  and  may  vary  between 
1.5  and  11  milliradians ,  mr.  Sources  are  described  in  the  latest 
revisions  by  the  terms  "small"  and  "large",  which  are  separated  by  the 
value  of  QJmin*  Formerly,  the  small  sources  were  termed  "intrabeam 
viewing"  or  "point  sources".  The  first  is  a  laser  range  term  and  the 
latter  is  highly  inappropriate  for  this  category.  11  mr  is  about  the 
angular  subtense  of  the  sun  or  moon  and  even  a  1.5  mr  source  is  far 
from  producing  the  minimal  retinal  image  expected  of  a  point- like 
source.  The  older  terms  for  a  large  source,  extended  source  or 
diffuse  reflection,  are  neither  sufficiently  general  to  cover 
projection  systems  or  even  exact  enough  to  separate  them  from  the 
present  small  source  definition.  The  concept  of  source  size  is  a 
difficult  one  to  apply  to  lasers  as  the  laser  beam  does  not  come  from 
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a  real  source  in  geometrical  optics  terms.  Rather,  the  laser  beam  is 
created  in  mid  flight  and  the  angular  subtense  of  the  source  is  based 
on  the  image  size.  For  safety  purposes,  this  image  is  the  one  on  the 
retina . 

The  history  of  otmin  ^ong  and  involved.  It  was  invented  late  at 
night  in  a  smoke- filled  room  in  the  SRI  building  in  Rosslyn,  VA  across 
the  street  from  an  old  CIA  laboratory.  Dick  Honey,  Dave  Sliney,  Art 
Vassiliadis  and  myself  were  part  of  a  small  group  trying  desperately 
to  get  the  exposure  limits  in  a  format  suitable  for  approval  at  the 
meeting  of  the  ANSI  Z-136  Executive  Committee  scheduled  for  the  next 
day.  It  was  a  radically  new  concept.  When  first  presented  to  the 
public,  some  accused  those  advocating  the  seemingly  complex  format  of 
this  correction  factor  of  hidden  motives,  notably  that  it  would  insure 
consultation  fees  for  them  when  they  had  to  help  others  use  it 
correctly.  By  now,  most  understand  how  to  use  the  original  time 
dependant  correction  factor.  Possibly,  that  itself  would  have  been 
grounds  for  a  new  formulation  even  if  new  data  had  not  arisen.  In  any 
case,  an  experimental  program  led  by  Daniel  Courant  in  France  is 
suppling  new  data  and  even  a  new  model  (Courant  et.  al.  ,  1997).  This 
revision  is  in  progress  now  and  should  be  watched  carefully  in  the 
future.  The  only  safe  prediction  about  it  is  that  it  will  become  more 
complex. 

Revisions  of  the  MPE's  may  be  formal  in  nature.  That  is,  equations  in 
conjunction  with  graphs  were  substituted  for  tabular  presentation  of 
the  exposure  limit  values.  The  format  of  the  equations  may  be 
changed.  Awkward  mathematical  terms  may  simplified.  This  may  be 
facilitated  by  a  general  change  to  decimal  exponents  as  shown: 

=t0.75 

n-1/4  =  n-0.25 

A  proposed  change  in  the  MPE's  is  to  put  all  of  the  appropriate 
correction  factors  in  each  equation  explicitly.  An  example  of  how 
this  change  would  look  is  given  in  the  MPE  for  the  IRA  in  the 
700-1,049  nm  range: 

1.8  Ca  )  mJ/cm^  =  1.8  Ca  Og  mJ/cm^ 

Perhaps,  the  correction  for  multiple  pulses  based  on  n’^-25  should 
also  be  given  in  each  equation. 

Future  revisions 

Biological  data  suitable  to  define  the  MPEs  are  difficult  and 
expensive  to  gather.  These  considerations  alone  will  make  future  data 
sparse.  Nevertheless,  there  are  many  places  where  data  is  needed  and 
gradually  will  become  available. 
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One  tjrpe  of  future  revision  that  is  needed  is  along  quite  another 
line,  terminology.  The  laser  exposure  to  the  retina  from  a  small 
source  is  evaluated  in  terms  of  the  comeal  irradiance  in  mW/cm^  from 
a  rate  of  delivery  standpoint  and  corneal  radiant  exposure  in  mJ/cm^ 
for  the  dose.  The  analogous  terms  for  the  large  source  are  corneal 
radiance  in  mW/sr/cm^  and  integrated  radiance  in  mJ/sr/cm^, 
respectively.  The  terminology  would  be  clearer  and  more  logical  if 
radiant  exposure  were  replaced  with  irradiant  (or  irradiance)  exposure 
and  integrated  radiance  replaced  by  radiance  exposure .  Perhaps ,  an 
even  better  and  simpler  solutiion  would  be  the  single  substitution  of 
integrated  irradiance  for  radiant  exposure.  This  type  of  change  of 
terminology  is  not  likely  to  occur  as  the  expects  tend  to  make  their 
judgements  here  on  emotional  rather  than  logical  grounds.  In  any 
case,  one  big  hope  for  the  future  is  that  all  decisions  on  MPE's  will 
be  logical  and  another  that  the  new  data  will  arrive  where  it  is 
needed  the  most. 
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SOME  WEAKNESSES  OF  ANSWEEE  C95.1-1992:  NEEDS  FOR 
ADOmONALDATA 

OmP.  Gandhi 

Department  of  Electrical  Engineering 
University  of  Utah 
Salt  Lake  City.  Utah  84112 

We  will  focus  on  die  following  three  areas  where  die  present  safety  guidelines  are 
relatively  weak  and  need  additional  data  for  proper  justification. 

1 .  As  mentioned  in  the  footnotes  of  Tables  IB  and  2B  of  the  ANST/IEEE  Standard 
[1],  the  present  safety  guidclinc.s  do  not  "adequately  protect  against  startle  reactions 
caused  by  tran.sient  discharges".  i.e..  for  intermittent  contacts  with  ungrounded  or 
pooriy  grounded  metallic  objects  in  low-frequency  electromagnetic  fields.  This  lack 
of  protection  against  transient  discharges  can  result  in  accidents  which  may  even  be 
fatal  in  the  event  of  a  fall  of  a  .subject  from  a  height. 

Therefore,  there  is  a  need  for  laboratory  data  on  transient  discharge  currents  as  a 
function  of  frequency  so  as  to  protect  against  startle  reactions  and  bum.s.  These 
currents  are  likely  to  vary  with  the  capacitance  to  ground  of  the  metallic  objects. 
We  will  propose  laboratory  experiments  that  may  be  done  to  develop  the  data  to 
protect  against  such  startle  reactions. 

2.  Another  weakness  of  the  new  ANSI/IEEE  C95.1  safely  guideline  is  the  lack  of 
scientific  basis  for  increasing  the  power-density  limit  from  5  to  10  mW/cm^  for 
frequencies  in  excess  of  3.0  GHz  for  controlled  environments  and  15.0  GHz  for 
uncontrolled  environments.  Data  is  extremely  inadequate  on  the  local  and  1-g 
SARs  that  may  result  at  the  new  higher  power  densities  recommended  in  the  1992 
ANSI/IEEE  RF  safety  guidelines.  Some  calculations  by  Dimbylow  and  Gandhi  [2J 
give  SAR.S  in  excess  of  8.0  W/kg  for  regions  of  the  head  including  the  eyes  for 
frequencies  of  2.0-3. 0  GHz  at  the  new  safety  limits.  We  will  give  some 
preliminary  calculations  of  the  SARs  that  point  to  the  possibility  that  the  new 
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propo.sed  higher  Jimiis  of  power  den.sitics  may  result  in  1-g  SARs  that  are  higher 
than  the  intended  limits  of  8.0  and  1.6  W/kg  for  controlled  and  uncontrolled 
exposures,  respectively  [1]. 

3.  The  proposed  exclusion  limits  of  low-power  devices  at  higher  microwave 
frequencies  are  not  substantiated  by  the  SAR  data  which  are,  by  and  large,  not 
available  at  frequencies  in  excess  of  a  few  hundred  MHz.  According  to  the 
ANSI/IEEB  C95.1  -1992  safety  guidelines  11),  RF  emitting  devices  for  frequencies 
/  in  excess  of  450  MHz  need  not  be  tested  for  SAR  compliance  if  the  radiated 
power  is  less  than  7.0  x  450//mh2  and  1 .4  x  450//mHz  fot  controlled  and 
uncontrolled  environments,  respectively.  We  will  present  calculations  of  SAR 
distributions  for  radiating  sources  such  as  p^sonal  wirele.s.s  devices  which  show 
that  the  1-g  SARs  that  one  may  obtain  for  the  above  .suggested  excIu.sionaiy  power 
limits  routinely  exceed  the  8.0  and  1.6  W/kg  SAR  limits  suggested  in  the 
ANSI/IEEE  safety  guidelines. 
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SYNOPSIS  OF  A  PANEL  DISCUSSION: 

Goals  for  Improved  Laser  and  Microwave  Standards 

Eleanor  R.  Adair,  Rapporteur 
Ronald  C.  Petersen,  Moderator 

Members  of  the  Panel:  Om  P.  Gandhi,  John  M.  Osepchuk,  Kenneth  R.  Foster, 
Marvin  Ziskin,  David  Sliney,  Bruce  Stuck,  Myron  Wolbarsht,  Russ  McCally 

Petersen:  Does  everyone  agree  that  10  s  averaging  time  at  300  GHz  is  not  adequate  for 
the  whole  body? 

Sliney:  Thermal  models  are  used  for  surface  conduction,  aperture  average  and  volume. 
You  have  said  that  the  SAR  is  not  valid  above  6  GHz.  How  about  a  step  function?  In 
talking  about  surface  absorption,  10  s  is  too  short  for  large  and  too  large  for  small  areas. 
We  in  the  laser  field  do  it  in  step  functions. 

Osepchuk:  In  the  current  Z136  laser  standard  you  have  2  flux  limits  and  2  averaging 
times  at  300  GHz. 

Sliney:  And  you  assume  that  equal  energy  absorbed  is  equally  hazardous  across 
frequencies.  At  the  far  IR  we  have  a  break. 

Osepchuk:  In  the  near  future,  will  you  be  changing  the  duration  for  large  areas? 

Wolbarsht:  We  always  stick  to  the  data.  We  have  a  time  function  for  area  that  blends 
into  10  seconds. 

Sliney:  As  you  know,  laser  sources  in  common  use  are  pulsed  and  have  small  area. 
Extrapolation  to  the  long  term  has  been  by  thermal  modeling.  For  us,  exposure  duration 
has  not  been  an  issue.  In  the  past,  the  microwave  standard  reduced  a  power  density  of 
100  mW/cm^  to  10  mW/cm^  at  the  highest  frequencies  to  match  us.  But  we  also  matched 
your  standard  at  10  mW/cm^  there  and  now  you  have  matched  our  averaging  time  of  10 
sec. 

Wolbarsht:  There  is  a  problem.  The  laser  hazard  is  primarily  to  the  eye.  There  is  no 
such  thing  for  microwaves.  Optical  gain  must  be  considered. 

Osepchuk:  The  laser  standard  exists  at  300  GHz.  But  also,  this  is  the  upper  limit  of  the 
RF/microwave  standard  and  we  must  have  a  guideline  to  account  for  irradiation  of  larger 
surface  areas. 
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Meltz:  What  will  produce  this?  What  is  a  common  basis  we  can  use  for  the  two 
standards?  Can  we  identify  the  sensitive  organ? 

McCally:  At  300  GHz,  the  sensitive  organ  is  either  the  skin  or  the  cornea.  But  other 
thingf;  must  be  considered:  pulsed,  peak  powers,  continuous  wave,  etc. 

Osepchuk:  Let’s  ignore  those  additional  problems  now  and  concentrate  on  exposure 
duration.  If  we  do  correct  thermal  modeling,  we  should  be  able  to  work  in  the  area  factor. 
The  laser  commimity  should  lead  the  way  on  this. 

Foster:  Don’t  forget  the  L^/D  thing.  The  time  constant  is  related  to  heat  loss  from  the 
body  (skin),  i.e.,  the  thermoregulatory  time  constant  for  the  body.  This  problem  becomes 
more  important  as  you  go  to  lower  microwave  frequencies  where  a  large  part  of  the  body 
may  be  exposed. 

Petersen:  But  the  problem  exists  where  the  two  standards  meet. 

Sliney:  This  dilemma  over  area  is  largely  unusual  for  us.  There  are  few  data  here. 

Insects  use  300  GHz  for  communication  (Callahan).  In  producing  the  laser  standard,  we 
have  only  solved  problems  where  we  had  them.  I  expect  it  is  good  to  tidy  things  up.  We 
have  a  standard  approach  that  should  apply;  but,  the  problem  is  capillary  heat  exchange, 
for  example,  choroidal  blood  flow. 

Petersen:  Will  the  Z136  committee  investigate  this  question? 

Sliney:  IITRI  developed  a  skin  model  some  time  ago.  Freund  and  McCally  have  a  model 
for  small  spots,  as  David  described.  Maybe  these  would  constitute  a  first  cut. 

Foster:  Sheldon  Weinbaura’s  (New  York)  model  is  the  gold  standard. 

McCally:  The  model  used  will  depend  on  the  situation  being  modeled.  Long  term 
exposure  is  one  example,  but  you  can  ignore  long-term  responses  for  short  exposures. 

Petersen:  We  have  a  problem  in  how  to  draw  the  function  for  averaging  time.  As 
presently  constructed,  ours  produces  MPEs  higher  than  they  should  be  for  the  skin,  at  the 
lower  GHz  frequencies.  My  question  is,  should  we  reduce  the  averaging  time  to 
something  like  10  s  for  all  frequencies  where  the  skin  depth  is  the  same?  At  the  time  we 
were  discussing  averaging  times  at  the  higher  frequencies,  an  unnamed  military  scientist 
suggested  for  10,  20,  30  GHz  that  an  averaging  time  of  close  to  6  min  would  be 
appropriate.  But  I  question  this  if  the  skin  depths  are  approximately  the  same. 

Sliney:  You  were  always  concerned  with  large  exposure  areas.  But  on  another  note,  how 
about  athermal  effects?  What  I  suggest  is  that  you  get  someone  to  do  similar  experiments 
with  millimeter  waves  and  with  IR  lasers  and  see  if  you  get  the  same  results. 
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Stuck:  Where  does  C95  have  exposure  limits  above  those  specified  in  Z136? 

Petersen:  For  short  exposures  above  30  GHz,  where  the  averaging  time  is  ~6  minutes,  the 
exposure  permitted  will  be  higher. 

Sliney:  Does  penetration  depth  vary  monotonically  with  frequency? 

Blick:  Yes,  log  penetration  depth  varies  monotonically  with  log  frequency. 

Sliney:  You  could  use  erythema  or  some  other  injury  assessment,  or  histological  data  as 
endpoints  for  the  proposed  experiment.  You  could  do  it  at  Brooks  where  equipment  at 
both  frequencies  is  available. 

Blick:  I  already  have  an  approved  protocol  for  a  study  of  thermal  pain  in  human  subjects. 
This  protocol  will  include  3  millimeter  wave  frequencies  and  2 IR  frequencies. 

Glickman:  Maybe  there  are  other  kinds  of  endpoints  you  could  study. 

Ziskin:  Yes,  especially  if  the  penetration  depth  is  essentially  the  same. 

Petersen:  Is  there  any  reason  to  believe  that  there  are  differences  in  interaction 
mechanisms  between  millimeter  wave  and  laser  frequencies? 

McCally:  For  lasers,  we  have  well-characterized  beams.  This  is  not  the  case  with 
millimeter  wave  sotuces. 

Khiznyiak:  With  respect  to  short  penetration  depths,  the  epidermis  has  low  water  content 
so  the  maximal  heating  under  millimeter  wave  exposure  will  be  in  the  dermis.  The  same 
should  be  true  for  IR. 

Foster:  The  epidermis  is  a  thin  layer.  No  appreciable  heat  will  leave  the  skin.  On  the 
other  hand,  clothing  may  impede  things. 

Meltz:  I  am  not  sure  that  athermal  is  an  overriding  issue  here.  In  the  proposed  experiment 
involving  2  frequencies,  you  should  first  look  at  the  same  bioeffect  at  a  high  intensity  to 
determine  similarities  in  response.  But  then  you  should  look  at  progressively  lower 
intensities  to  see  if  there  may  be  differences  that  develop. 

Petersen:  It  will  take  some  time  to  design  and  conduct  such  an  experiment.  In  the 
absence  of  data  from  this  experiment,  do  we  have  enough  information  now  to  change  the 
averaging  time  for  frequencies  below  300  GHz? 

Foster:  Models  are  a  cheap  way  to  go  as  a  first  pass.  We  could  define  hazards  in  terms  of 
temperature  rise. 
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Wolbarsht:  In  the  microwave  field,  you  must  account  for  the  fact  that  the  exposures  will 
always  be  longer.  And  we  should  always  have  dessert. 

Petersen:  Could  I  suggest  that  we  agree  to  set  up  an  ad  hoc  committee,  comprised  of 
members  from  the  two  standards-setting  bodies,  to  work  on  the  question  of  averaging 
time.  We  could,  for  example,  select  3  people  from  the  SCC28  committee  system  as 
members  of  this  ad  hoc  group. 

Sliney:  The  laser  standard  committee  is  under  Wolbarsht’s  direction.  They  are  the  ones 
to  provide  members. 

Wolbarsht:  That  is  all  right  with  me. 

Sliney:  At  the  same  time,  we  should  twist  some  arms  to  do  some  thermal  modeling. 

McCally:  Fine.  Freund  and  I  can  do  thermal  modeling,  but  we  need  some  experiments  to 
validate  our  products  and  to  suggest  parameter  values. 

Osepchuk:  Unfortunately,  there  are  currently  no  data.  But  if  we  had  predictions  from 
models  and  then  foimd  that  a  couple  of  points  don’t  fit,  this  would  be  a  good  stimulus  for 
further  research. 

Ziskin:  I  think  it  is  important  that  we  decide  exactly  what  we  are  trying  to  protect  against 
with  our  standards.  Tissue  damage?  Comeal  damage  is  probably  the  best  end  point. 

Wolbarsht:  But  it  has  to  be  for  a  short  exposure.  The  skin  would  be  just  as  good  as  the 
cornea  to  measure  tissue  damage. 

Kues:  I  have  some  relevant  data  in  press  at  this  time  that  I  have  collected  on  rabbit  eyes 
exposed  at  60  GHz.  This  research  has  been  funded  by  Hewlett  Packard.  The  animals 
were  not  anesthetised.  They  were  restrained  so  that  we  could  expose  the  cornea  of  one 
eye  and  use  the  other  eye  as  a  control.  We  measured  comeal  heating  with  an  IR 
thermograph.  In  the  first  experiment,  we  exposed  the  cornea  for  8  hours  at  a  power 
density  of  10  mW/cm^  and  SAW  NOTHING.  Then  we  did  a  second  experiment,  looking 
for  cumulative  damage.  We  exposed  the  same  eye  for  4  hours/day  (at  10  mW/cm^)  for  5 
days,  and  SAW  NOTHING. 

Glickman:  Damage  to  the  cornea  is  certainly  a  good  endpoint. 

Ziskin:  Yes.  Damage  to  the  cornea  means  something. 
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Kues:  We  have  plans  to  go  to  higher  power  densities  in  future  studies. 

Albanese:  I  believe  that  there  are  still  some  things  missing  and  that  a  systematic  review 
of  each  should  be  imdertaken.  Such  matters  as  dermal  reactions  and  problems  with  the 
immime  system  come  to  mind. 

Petersen:  Are  there  any  other  comments,  or  comments  about  the  meeting  in  general? 

Osepchuk:  The  plans  to  form  a  liaison  group  between  the  standards-setting  bodies  is  a 
big,  positive  step. 

Wolbarsht:  The  meeting  is  getting  better. 

Osepchuk:  Good  things  have  been  said  about  the  future.  The  meeting  has  been  important 
and  very  productive. 

Meeting  closed. 
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